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FAST NEUTRONS INCIDENT ON VANADIUM 

by 

Alan B. Smith, James F . Whalen, 
and Kenji Takeuchi 

ABSTRACT 

Total neutron cross sections and elastic and in
elastic neutron scattering cross sections are experimen
tally studied. Total neutron cross sections are determined 
with good resolution ( ? 1 keV) from 0.1 to 1.45 MeV. Dif
ferential elastic and inelastic scattering angular distr ibu
tions are measured at incident neutron energy intervals of 
SlO keV from 0.3 to 1.5 MeV with incident neutron resolu
tions of ~20 keV. The inelastic excitation of states at 
330 ± 10 keV and 926 ± 10 keV is observed. The experi
mental resul ts are interpreted in te rms of the optical 
model and stat ist ical concepts, inclusive of resonance width 
fluctuations and correlat ions. The observed intermediate 
s t ructure is discussed in the context of strongly overlapping 
resonances and distributions in resonance widths and spac
ings and in t e rms of an intermediate optical model. Com
parison is made with previously reported experimental 
values and with the pertinent contents of the evaluated data 
file, ENDF-B. Numerical tabulations of the experimental 
resul ts are provided. 

I. INTRODUCTION 

The objective of this study was to improve the understanding of total 
neutron cross sections and of the elastic and inelastic scattering cross sec
tions of vanadium at incident energies up to 1.5 MeV. Natural vanadium is 
monoisotopic, lies near the peak of the s-wave strength function, is magic 
in neutron number, and has relatively low-lying s tates , which are apprecia
bly excited by inelastic neutron scattering processes . These collective 
proper t ies are unusual, and many of them have been associated with the 
prevalence of intermediate s tructure in neutron p rocesses . The relatively 
large inelastic excitations make possible the comparison of such in te rme
diate s t ructure between several reaction channels. The present work gave 
considerable attention to the experimental accuracies and energy resolutions 
in an effort to well define the energy-dependent s t ruc ture . 



In the discussion. Section II outlines the techniques used in the ex
per imenta l portions of the study. The experimental resul ts are presented 
in Section III and comparisons made with previously reported values. Sec
tion IV is devoted to the physical interpretation of the measured resu l t s . 
A broad energy average of the measured values is described in t e r m s of 
a conventional optical potential and statist ical concepts^ inclusive of r e so 
nance width fluctuations.* The observed intermediate s t ructure is discussed 
in the context of (a) strongly overlapping compound nucleus resonances , 
(b) fluctuations in widths and spacings of isolated or part ial ly overlapping 
resonances , ' ' ^ and (c) an intermediate optical potential assuming reaction 
p rocesses proceeding through "doorway" s tates .^ ' ' Section V compares 
the resul ts of the present study with the comparable physical quantities 
in the evaluated data file ENDF-B. '° This comparison may prove of inter
est to the reactor physicist . Section VI consists of some brief summary 
r emarks . The appendix presents experimental resul ts in detailed tabular 
form. 



II. EXPERIMENTAL METHOD 

Fast-neutron time-of-flight techniques were used in all the sca t te r 
ing measurements and a portion of the total c ross-sec t ion determinations. 
The experimental neutron-scat ter ing apparatus, inclusive of a pulsed and 
bunched Van de Graaff accelerator , a multiangle detection system, on-line 
computer usage, and associated data-processing procedures , has been de
scribed in detail and will not be further defined here . ' ' All measure 
ments used the reaction 'Li(p,n) 'Be as a neutron source, the intensity of 
which was monitored using "long counters" and proton-recoi l scinti l lators. '^ 
The scattering samples were right cylinders (2.0 cm in diameter and 2.0 cm 
high) fabricated of natural vanadium metal. The chemical purity of the metal 
was 298%. Neutrons were incident upon the lateral surfaces of the scattering 
samples. All scattering measurements were made relative to the known dif
ferential elastic scattering cross sections of carbon and corrected for multi
ple scattering, incident-beam attenuation, and angular-resolution effects. ' 

Total neutron cross sections were determined from neutron t r ans 
missions measured using a pseudowhite pulsed-source technique or the 
monoenergetic source method.'^' '^ The latter method was used exclusively 
below incident neutron energies of -500 keV. All neutron t ransmiss ion 
measurements and reduction to total c ross sections were carr ied out in an 
automated manner as described in Ref. 12. Transmiss ion samples of natural 
vanadium varied in geometry, but generally were such as to provide t r ans 
missions of grea ter than 50%. 
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III. 
E X P E R I M E N T A L R E S U L T S 

A. Tota l Neutron C r o s s Sect ions 

The e x p e r i m e n t a l to ta l " ° - - — ^ r X o n V l V J r r r e t i c ^ ' l 
t e r v a l 0 .1-1 .45 MeV a r e shown in the " P P Y , P ° ' ; T n c t l L n e u t r o n e n e r g i e s 
va lues a r e given in Table V (m the ^PP^^^^^^ . .^^^^^^^ 1 5 . 2 . 5 keV. At 
of <0.5 MeV. the e x p e r i m e n t a l e n e r g y " ^ ° 1 " * \ ° " " " / / . ^ b e 0 1-0.12 n s e c / m , 
h igher e n e r g i e s , the veloci ty r e so lu t ion was f ^ ^ f ^ ^ ^ ^ ^ ^^^ w i d t h o f n a r -
. / o m d i r ec t o - - - ^ ; - t e ^ ; ; r a r r f X m L ^ e r g e t i c m e a s u r e m e n t s 

light and s p o t - d e c k e d us ing the above m o n o e n e r g e t i c method^ The e r r o r 
in the t ime-of - f l igh t ene rgy sca l e was judged a p p r e c i a b l y - ^ ^ ^ ^ ^ - ^ J ^ " _^^^' 
with the l a r g e r u n c e r t a i n t i e s at the h ighe r e n e r g i e s T h e j t a t e d c r o s s 
sect ion e r r o r s w e r e de r ived f r o m counting s t a t i s t i c s . In s c a t t e r i n g 
r ec t i ons w e r e e s t ima ted , found s m a l l , and neg l ec t ed . 

w >,';.!. b,>p: 0;^0^IM!^^^^^^^ 

010 0 25 0.40 0.55 0 70 0.85 100 1-15 130 1,45 

En.MeV 

112-9505 Rev. 1 

Fig. 1. Measured Total Neuuon Cross Sections of Vanadium. Top, basic measured 

data; center, data averaged over a 50-keV interval; bottom, data averaged 

over a 100-keV interval. 
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G e n e r a l l y , the p r e s e n t r e s u l t s c o m p a r e d f a v o r a b l y wi th t h o s e ob
t a ined by o the r w o r k e r s . ' V a l u e s r e p o r t e d by Cabe et a l . , in the i n t e r v a l 
0 . 4 - 1 . 2 MeV follow the e n e r g y a v e r a g e of the p r e s e n t h i g h e r - r e s o l u t i o n 
v a l u e s . The p r e s e n t w o r k is c o n s i s t e n t wi th the d e t a i l e d r e s u l t s of Rohr 
and F r i e d l a n d and of F i r k et aJ . , r e p o r t e d for i nc iden t n e u t r o n e n e r g i e s of 
S200 k e V . " ' " 

B. E l a s t i c C r o s s Sec t i ons 

The d i f f e r e n t i a l e l a s t i c n e u t r o n - s c a t t e r i n g c r o s s s e c t i o n s w e r e d e 
t e r m i n e d at i nc iden t n e u t r o n - e n e r g y i n t e r v a l s of 'SlO keV wi th an inc iden t 
n e u t r o n - e n e r g y r e s o l u t i o n of 20 ± 5 keV. The a n g u l a r r a n g e of the m e a 
s u r e m e n t s a t e a c h inc iden t e n e r g y was f r o m ~25 to ~155°, u s u a l l y c o v e r e d 
in e ight a n g u l a r i n t e r v a l s . T y p i c a l v a l u e s of the l a b o r a t o r y s c a t t e r i n g 
a n g l e s w e r e 27, 38, 53 , 69, 84, 114, 129, and 154°. The s c a t t e r i n g a n g l e s 
w e r e not a lways i d e n t i c a l , but w e r e ca r e fu l l y d e t e r m i n e d at e a c h m e a s u r e 
m e n t . Angu la r r e s o l u t i o n s v a r i e d , but w e r e of t he o r d e r of a few d e g r e e s . 
As i n d i c a t e d by the i l l u s t r a t i v e t i m e s p e c t r a of F i g . 2, the s c a t t e r e d n e u 
t r o n v e l o c i t y r e s o l u t i o n of 1.5-2.0 n s e c / m was suff ic ient to r e s o l v e the 
e l a s t i c s c a t t e r e d n e u t r o n s f r o m i n e l a s t i c s c a t t e r e d c o m p o n e n t s . 

En= I.EO MeV |. 

_ 0 • .032 ,^ l| 

,.A'-W-W-

En = l 35MeV 
Q.-0 32 'I—EL 

2nd- 1 
k, 

0'O32(2ndll i! i , 
3 — - i / |i 1: 11 I 

- ~ TIME 

Fig. 2 

Time-of-flight Spectra Obtained for Vanadium at a 
Laboratory Scattering Angle of 114°. Flight path was 
- 203 cm, and time per channel - 1.05 nsec. Elastic 
and inelastic Scattered neutron groups are evident. 
Backgrounds have been subuacted, and vertical ban 
indicate standard deviation of respective points. No 
detector-sensitivity conecUon has been made. Re
action 0 values associated with the various neutron 
groups are indicated in MeV. 

113-494 Rev. 1 

T h e e x p e r i m e n t a l r e s u l t s w e r e e x p r e s s e d i n t h e f o l l o w i n g a l t e r n a t e 

f o r m s : 

a n d 

do _ _a_ 
d n ' 47T 

1 + X "^iPi 
i = i 

1 = 0 

( 1 ) 
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T a s u J c o m p L a b ' l e . However , ex t rapo la t ion of the r e s u l t s , e x p r e s s e d in 

the f o r m s of Eq. 1, beyond the m e a s u r e d angu la r i n t e r v a l of ~25 to 155 . 

i s not n e c e s s a r i l y val id. 

^ , 
- \ o-^ 

b ELASTIC / 
V / P 4 f i t / 

-—<>-t,-.^-^-<i 

0 = 

' 1 1 1 1 

^EXP 

0 32 

I I 

«L.B.''^9 

Fig. 3 

Experimentally Observed Elastic and Inelastic Angular 
Distributions for Vanadium (data points). SoUd curve 
is obtained from the least-squares fit of Eq. 1 to the 
experimental elastic scattering measurements. The 
dotted curve is an eye guide to the inelastic scattering 
angular distribution. 

113-522 Rev. 1 

A s e x p e c t e d f r o m t h e m u l t i r e s o n a n c e n a t u r e of t h e t o t a l n e u t r o n 

c r o s s s e c t i o n ( s e e F i g . l ) , t h e e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s v a r i e d 

r a p i d l y w i t h i n c i d e n t e n e r g y . S m a l l e x p e r i m e n t a l v a r i a t i o n s i n i n c i d e n t 

n e u t r o n e n e r g y a n d / o r e n e r g y s p r e a d c o u l d , a n d d i d , r e s u l t i n q u i t e d i f f e r 

e n t m e a s u r e d c r o s s - s e c t i o n v a l u e s . T o p r o v i d e c o n s i s t e n t e x p e r i m e n t a l 

r e s u l t s , t h e m e a s u r e d d i f f e r e n t i a l e l a s t i c c r o s s s e c t i o n s w e r e p r o g r e s 

s i v e l y a v e r a g e d o v e r a s q u a r e e n e r g y i n c r e m e n t w i t h a w i d t h of s e v e r a l 

e x p e r i m e n t a l r e s o l u t i o n s . F i g u r e 4 s h o w s r e s u l t s o b t a i n e d w i t h a 5 0 - k e V 

a v e r a g i n g i n c r e m e n t . T a b l e V I ( in t h e a p p e n d i x ) l i s t s t h e n u m e r i c a l p a 

r a m e t e r v a l u e s d e r i v e d f r o m t h e d i f f e r e n t i a l m e a s u r e m e n t s . A s s a y of t h e 

e x p e r i m e n t a l e r r o r s w a s c o m p l e x a n d s u b j e c t i v e . G e n e r a l l y , i t w a s e s t i 

m a t e d t h a t t h e e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s w e r e d e t e r m i n e d t o a n 

a c c u r a c y of ~ 8%, i n c l u s i v e of u n c e r t a i n t i e s i n t h e c r o s s s e c t i o n of t h e 

c a r b o n s t a n d a r d . T h e s t a t e d u n c e r t a i n t i e s i n t h e a n g u l a r - d i s t r i b u t i o n 

c o e f f i c i e n t s r e p r e s e n t s t a n d a r d d e v i a t i o n s d e r i v e d f r o m t h e l e a s t - s q u a r e s 

f i t t i n g p r o c e d u r e s . 

T h e e l a s t i c s c a t t e r i n g r e s u l t s w e r e g e n e r a l l y c o n s i s t e n t w i t h t h e 

t o t a l c r o s s s e c t i o n ( s e e S e c t i o n A a b o v e ) a s i n d i c a t e d i n F i g . 5 a n d w i t h t h e 

r e p o r t e d t o t a l s c a t t e r i n g r e s u l t s of R e f . 1 4 . T h e a g r e e m e n t b e t w e e n t h e 

p r e s e n t r e s u l t s a n d t h o s e o b t a i n e d u s i n g a s o f t f i s s i o n s p e c t r u m w a s l e s s 

s a t i s f a c t o r y . 
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Fig. 4 

Differential Elastic Scattering Cross Sections 
of Vanadium Given in the Format of Eq. 1. 
A 50-keV average of the measurements is 
indicated by the data points. The solid and 
dashed curves are the result of calculation 
(O.M.) as described in Section IV.A, 

En.MeV 112-9471 Rev. 2 

t^e 

t*- TOTAL 

I - ELASTIC 

^ ^ f » f 7 % ! ^ V f ^ ^ 
850 

En. kev 

112-9503 Rev. 1 
Fig. 5. Comparison of Experimental Total Neutron Cross Sections (vertical bars) 

and Total Elastic Scattering Cross Sections (boxes) of Vanadium 

C. I n e l a s t i c Neu t ron S c a t t e r i n g 

The i n e l a s t i c e x c i t a t i o n of s t a t e s in v a n a d i u m at 330 :t 10 and 
926 ± 10 keV w a s o b s e r v e d . The e n e r g y v a l u e s w e r e d e r i v e d f r o m the 
c a l i b r a t e d t i m e s c a l e of the ve loc i t y s p e c t r o m e t e r and v e r i f i e d by o b s e r 
vat ion of the e x c i t a t i o n of the w e l l - k n o w n 845 -keV s t a t e in iron.^^ T h e s e 
l eve l s w e r e a t t r i b u t e d to r e p o r t e d s t a t e s at 320 and 930 keV, r e spec t ive ly .^^ 
The l a t t e r p u b l i s h e d va lue s w e r e a c c e p t e d as the m o r e a c c u r a t e . Add i t iona l 
s t a t e s in v a n a d i u m have b e e n r e p o r t e d at 480, 645, and 1160 keV. In 
t h e s e e x p e r i m e n t s , any s t a t e at ~480 keV would h a v e b e e n p a r t l y o b s c u r e d by the 
p r e s e n c e of e l a s t i c a l l y s c a t t e r e d n e u t r o n s f r o m the s e c o n d n e u t r o n g r o u p 
of the ' L i ( p , n ) ' B e s o u r c e r e a c t i o n . " H o w e v e r , i t w a s felt t ha t a c r o s s s e c 
t ion for the e x c i t a t i o n of a 4 8 0 - k e V s t a t e of 210 .0 m b / s r would have r e 
su l t ed in an o b s e r v a b l e i n e l a s t i c a l l y s c a t t e r e d n e u t r o n g r o u p . None w a s 
ev iden t . I n e l a s t i c s c a t t e r e d n e u t r o n s (Q = - 0 . 3 2 MeV) r e s u l t i n g f r o m the 
s e c o n d s o u r c e g r o u p w e r e c l e a r l y s e e n ( s ee F i g . 2) . A n e a r b y n e u t r o n 
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group at a somewhat h igher s c a t t e r e d n e u t r o n e n e r y due to the^e^xci ta . 
of a 645-keV s ta te would have been o b s e r v e d I'J^^J^l'"',,,^, ^ , 3 
t ion was 22 m b / s r . No group -°^^^^^^°f'\iT^ZLerTlt of ~4 m b / s r 
obse rved . The e x p e r i m e n t a l r e s u l t s - " ^ - a t e ^ - - P P j ; ^^.^ [ . ^ . . 

for the exci ta t ion of - > ^ ^ ' ^ * ^ - ; ; : " ^ ' e l T ; u s ^ h e ; e w a s no p o s i t i v e 
ta t ion, t h e r e was no evidence for such a l e v e ^ ^ , „ , d i u m at a p p r o x i m a t e l y 
evidence in the p r e s e n t e x p e r i m e n t s f ^ ^ ^ ^ ^ / ^ X J ^ a b l y have sp in s and 
480 645 a n d / o r 1160 keV. If p r e s e n t , such s t a t e s p r o o u y i-
n ! r U i e s r equ i r ing i ^ 2 incident neu t ron m o m e n t u m for a p p r e c i a b l e e x c i -
L t on T h i r c o n f l u s i o n is cons i s t en t with the r e s u l t s of r e c e n t i n e l a s t i c 
r e u t r o n - s c a t t e r i n g m e a s u r e m e n t s at h igher inc iden t e n e r g i e s " and wi th 
the r e su l t s of r ecen t s h e l l - m o d e l c a l c u l a t i o n s . 

The different ia l c r o s s sec t ions for the exc i t a t ion of the 320- and 
930-keV s ta tes w e r e m e a s u r e d f rom s e v e r a l h u n d r e d keV of t h r e s h o l d to 
a m a x i m u m incident ene rgy of 1.5 MeV. G e n e r a l l y the m e a s u r e m e n t s 
w e r e made at the s a m e s c a t t e r i n g angles a s e m p l o y e d m the e l a s t i c s c a t 
t e r ing s tud ies . Many of the m e a s u r e d i n e l a s t i c a n g u l a r d i s t r i b u t i o n s w e r e 
e s sen t i a l l y i s o t r o p i c . (See F ig . 3, for e x a m p l e . ) Thus the a n g l e - i n t e g r a t e d 
ine l a s t i c - exc i t a t i on c r o s s sec t ions w e r e r e a s o n a b l y ob ta ined by a v e r a g i n g 
the different ia l m e a s u r e m e n t s and mul t ip ly ing by 47T. E v e n for the m o r e 
an i so t rop ic d i s t r ibu t ions obse rved , th is a p p r o x i m a t e p r o c e d u r e w a s judged 
acceptab le s ince it led to o v e r e s t i m a t e s of the e x c i t a t i o n c r o s s s e c t i o n s by 
•S5%. The resu l t ing a n g l e - i n t e g r a t e d exc i t a t ion c r o s s s e c t i o n s a r e shown 
in F ig . 6 and l i s t ed in Tab les VII and VIII (in the append ix) . As w a s t r u e 
for the e l a s t i c c r o s s sec t ions , the r e s u l t s v a r i e d wi th e n e r g y b e c a u s e of 
the p a r t i a l l y r e so lved r e s o n a n c e s t r u c t u r e and e x p e r i m e n t a l u n c e r t a i n t i e s 
in the p r e c i s e incident e n e r g y and i n c i d e n t - e n e r g y s p r e a d . The u n c e r t a i n 
t ies a s soc i a t ed with the individual c r o s s - s e c t i o n m e a s u r e m e n t s a r e c o m 
plex compos i t e s of s t a t i s t i c a l and i n s t r u m e n t a l ef fects and w e r e sub jec t ive ly 
e s t ima ted . Those indica ted in F i g . 6 and T a b l e s VII and VIII a r e b e s t e s t i 
m a t e s of the s t anda rd devia t ion i n c l u s i v e of u n c e r t a i n t i e s in the r e f e r e n c e 
s t andard c r o s s sec t ion of c a r b o n . 

Fig. 6 

Measured Cross Sections for the Excitation 
of States in Vanadium at 0.32 and 0.93 MeV 
(crosses). The solid curve was obtained by 
calculation as described in Section IV.A. 
Estimated experimental uncertainties are 
indicated by vertical bars of the data crosses. 

113-501 Rev. 1 

The m e a s u r e d d i f f e r en t i a l c r o s s s e c t i o n s for the e x c i t a t i o n of the 
320-keV s ta te w e r e ca r e fu l l y a s s a y e d and the " b e t t e r " a n g u l a r d i s t r i b u t i o n s 
fitted, by the me thod of l e a s t s q u a r e s , wi th the e x p r e s s i o n 

da 
y - = Bo + B i P , + B 2 P 2 . 
dcD ^ ^ 

(2) 
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\\M 
da 
dn 

- r t -

= B„ •B.P, t B, 

M— 

)M\ mi^ 

T h e r e s u l t i n g B j p a r a m e t e r s w e r e f o u n d t o b e v e r y e n e r g y - d e p e n d e n t a n d 

w e r e s m o o t h e d b y a v e r a g i n g o v e r a 2 0 - k e V i n c i d e n t e n e r g y i n c r e m e n t . 

F i g u r e 7 s h o w s t h e r e s u l t i n g a v e r a g e 

e n e r g y d e p e n d e n c e of t h e s e p a r a m e t e r s . 

T h o u g h t h e p a r a m e t e r s s t i l l v a r y a p p r e 

c i a b l y , i t i s e v i d e n t t h a t ( a ) t h e c r o s s 

s e c t i o n (a = 47rBQ) h a s t h e s a m e m a g 

n i t u d e a n d e n e r g y d e p e n d e n c e a s t h a t 

s h o w n i n F i g . 6, a n d (b) B j t e n d s t o b e 

l e s s t h a n B2, b o t h o n t h e a v e r a g e a n d i n 

m a g n i t u d e of t h e f l u c t u a t i o n s . F u r t h e r , 

t h e r e a p p e a r s t o b e a q u a l i t a t i v e c o r r e 

l a t i o n b e t w e e n f l u c t u a t i o n s i n B2 a n d Bo. 

I n s t r u m e n t a l e f f e c t s m a y h a v e c o n t r i b 

u t e d t o t h e s t r u c t u r e a n d a n i s o t r o p y . 

S u c h p e r t u r b a t i o n s w e r e m o s t l i k e l y a t 

f o r w a r d a n g l e s ; t h u s m o s t a f f e c t t h e B j 

c o e f f i c i e n t . S u c h a p r e m i s e i s n o t 

s t r o n g l y s u p p o r t e d b y t h e r e s u l t s of 

F i g . 7 . C o i n c i d e n c e m a y h a v e l e d t o 

m e a s u r e m e n t s l o c a l l y c o r r e l a t e d w i t h 

c o m p o u n d - n u c l e u s r e s o n a n c e s t r u c t u r e , 

r e s u l t i n g i n s y s t e m a t i c p e r t u r b a t i o n of 

m e a s u r e d m a g n i t u d e s o r a n g u l a r d i s 

t r i b u t i o n s . T h e a b u n d a n c e of d a t a a n d 

t h e r a n d o m m o d e of i t s p r o c u r e m e n t 

o v e r a s e v e r a l - y e a r p e r i o d m a d e t h i s 

h y p o t h e s i s u n l i k e l y . 

(I 

*) 

|liA,iil'i|*i/"iWil|̂ ll̂ |̂(*M 

Mev 
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Fig. 7 

Differential Cross Section for the Excitation 
of the 0.32-MeV State in Vanadium, Ex
pressed in the Form of Eq. 2. Lowest plot: 
integrated cross section. Upper two plots: 
Bi and 82 coefficients of a Legendre ex
pansion of the differential distributions. 
Data points (bars) do not indicate experi
mental uncenainties. 

T h e p r e s e n t r e s u l t s c a n b e c o m 

p a r e d w i t h t h e f e w p r e v i o u s l y r e p o r t e d 

v a l u e s . T o w l e r e p o r t s c r o s s s e c t i o n s 

f o r t h e e x c i t a t i o n of t h e 3 2 0 - a n d 

9 3 0 - k e V s t a t e s a t i n c i d e n t e n e r g i e s of ~ 1 . 5 M e V s i m i l a r t o t h e r e s u l t s of 

t h e p r e s e n t w o r k . ^ ^ R e s u l t s of ( n : n ' 7 ) m e a s u r e m e n t s b y M a t h e r e t al^., a t 

0 . 8 , 1.0, a n d 1.5 M e V a r e c o n s i s t e n t w i t h t h e v a l u e s o b t a i n e d i n t h e p r e s 

e n t w o r k w h e n c o g n i z a n c e i s t a k e n of t h e a n i s o t r o p y of t h e e m i t t e d q u a n t a 

a n d t h e e f f e c t s of b r a n c h i n g r a t i o s . ^ ' B a r r o w s r e p o r t s ( n : n ' 7 ) r e s u l t s a t 

i n c i d e n t e n e r g i e s of 1.83 M e V a n d a b o v e . ^ ^ W h e n e x t r a p o l a t e d d o w n w a r d 

t o t h e 1 . 5 - M e V m a j c i m u m e n e r g y of t h e p r e s e n t w o r k . B a r r o w s ' r e s u l t s 

a r e s l i g h t l y (~20%) h i g h e r t h a n t h o s e r e p o r t e d h e r e . T h i s m a y i n p a r t b e 

d u e t o t h e u s e of t h e r a p i d l y v a r y i n g F e ( n ; n ' 7 ) (Q = - 0 . 8 5 M e V ) c r o s s 

s e c t i o n a s a r e f e r e n c e s t a n d a r d i n B a r r o w s ' w o r k . 
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I V . 
PHYSICAL INTERPRETATIONS 

Optical Model and S ta t i s t i ca l Ca lcu la t ions 

1 „ti,„riQ w e r e u s e d in the p h e n o m -
The opt ical model and ^ ' - ' - ' - ^ ^ ^ " ^ ^ ^ f "jf^ T p e H - e n t a l results.^.3,30,3. 

enological i n t e r p r e t a t i o n - ^ - t r a p o l a t i o n of the e x P - ^ ^ ^ ^ ^ ^^ 

rldr;.^^r^:^:r hTb^rt=:5;r^rei..echt^and .edeidey to 
an equivalent nonlocal potent ia l of the fo rm 

V , ( r ) = -(V + i U ) f J r ) - ifz(r)W + V , o ^ — j a - i 7 ^ . 

where 

a n d 

fi(r) = 1 + exp 
r - R i 

f2(r) = exp 
r - R ; 

R, = r , + r o A ' " , Rz = Ri + r j , 

ro = 1.16f, r , = 0.6f, r^ = 0.5f, 

ai = 0.62f, a2 = 0.5f, 

V* = Vo - 0 .25E, 

W* = Wo - 0 .2E, 

Vso* = 7.0, 

U* = 0.125E - 0 , 0004E^ 

(3) 

the potent ia l of M o l d a u e r . This po t en t i a l and the H a u s e r - F e s h b a c h f o r m a l 
i s m give a good d e s c r i p t i o n of the l o w - e n e r g y o b s e r v e d e l a s t i c s c a t t e r i n g 
(dashed c u r v e s of F ig . 4) and l ead to c a l c u l a t e d i = 0 s t r e n g t h funct ions 
s i m i l a r to those e x p e r i m e n t a l l y o b s e r v e d . ' * 

A de ta i led d e s c r i p t i o n of the o b s e r v e d s t r u c t u r e in the e l a s t i c s c a t 
t e r ing was sought by v a r y i n g VQ and Wo (U = 0, and o the r p a r a m e t e r s m a i n 
tained cons tan t ) to obta in the b e s t fit to the individual o b s e r v e d e l a s t i c 
s c a t t e r i n g angu la r d i s t r i b u t i o n s . " The ca l cu l a t ed r e s u l t s inc luded compound 

All energies in MeV. 
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(5/2-) . 
(7/2-. 5/2-) . 

(3/2-) -

1 5 / 2 - 1 -

Ttt 

^ 

23 V 2 

112-9572 
Fig. 8 

e l a s t i c s c a t t e r i n g d e r i v e d wi th t he H a u s e r - F e s h b a c h 
f o r m u l a and the r e p o r t e d exc i t ed s t r u c t u r e of v a -
nadium^^ ( see F ig . 8). The a n g u l a r d i s t r i b u t i o n s 
c a l c u l a t e d u s ing th i s fi t t ing p r o c e d u r e w e r e d e 
s c r i p t i v e of m e a s u r e m e n t (F ig . 9) and fol lowed the 
o b s e r v e d i n t e r m e d i a t e s t r u c t u r e of the e l a s t i c 
s c a t t e r i n g ( s ee c u r v e s of F ig . 4). The Vo and WQ 
and a s s o c i a t e d t r a n s m i s s i o n coef f ic ien t s ob ta ined 
f r o m the fitt ing r e f l e c t e d the i n t e r m e d i a t e s t r u c 
t u r e , f luc tuat ing with e n e r g y as shown in F ig . 10. 

The m e a n i n g of the above f luc tua t ing 
p a r a m e t e r s was not above q u e s t i o n . H o w e v e r , 
above e n e r g i e s of about 1.1 MeV, Vo and Wo ob
t a i n e d f r o m the f i t t ing p r o c e d u r e a p p r o a c h e d 
a s y m p t o t i c v a l u e s of 43 and 8 MeV, r e s p e c t i v e l y . 
E l a s t i c s c a t t e r i n g c r o s s s e c t i o n s c a l c u l a t e d 
f r o m t h e s e " a s y m p t o t i c p a r a m e t e r s " w e r e in 
r e a s o n a b l e a g r e e m e n t wi th e x p e r i m e n t above 
~ 0 . 8 M e V ( s e e so l id c u r v e s of F i g . 11), but the 

a g r e e m e n t d e g e n e r a t e d at l o w e r e n e r g i e s , and the c a l c u l a t e d £ = 0 s t r e n g t h 
function was about half that r e p o r t e d f r o m m i c r o s c o p i c m e a s u r e n n e n t . 

Excited Structure of 
Vanadium22 

04 - \ 1396 

"AV/C-
3.,t \ V i - / "'^ 

0,1 L "x V_X w 

0,L X > - ^ 597 
•X ^s— 

0,8 

O t 

f^v.~^"" 
\ , 403 

1 1 1 1 1 1 1 1 

9. dag 

112-9574 Rev. 1 

Fig. 9. Comparison of Measured (points) 
and Calculated (lines) Differential 
Elastic Distributions of Vanadium 
at Selected Incident Neutron 
Energies (keV) 

Q 8 -

0 4 - T(2,V2) 

20 

10-

S ol_ 
a p 

S O 

TO -

5oL— 

T(2,3/2I 
- . • — f 

oe 
E„. Mev 

112-9506 Rev. 1 

Fig. 10. Real (V) and Imaginary (W) Potential 
Values and Transmission Coefficients, 
T({„j) Obtained by Fitting Eq. 3 to the 
Measured Elastic Scattering Cross Sec
tions of Vanadium. See Section IV.A 
for discussion. 
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113-498 

Fig. 11. Measured (crosses) and Calculated 
(curves) Elastic Distributions of Va
nadium. The "asymptotic potential" 
form of Eq. 3 was used. The Hauser-
Feshbach formalism was employed to 
estimate compound elastic contribu
tions. Curves denoted as 0 = 0 and 
Q = 1 were obtained by applying 
correction factors as described in 
Section IV.A. All calculated results 
lead to essentially identical Bj -»• B4 
coefficients. 

T h e f l u c t u a t i n g p o t e n t i a l p a r a m 
e t e r s o b t a i n e d f r o m t h e a b o v e f i t t i n g 
; ; o c e d u r e s a n d t h e H a u s e r - F e s h b a c h 

f o r m u l a w e r e u s e d t o c a l c u l a t e t h e 

i n e l a s t i c - e x c i t a t i o n c r o s s s e c t i o n s ; h e 

r e s u l t s a r e s h o w n i n F i g . 6 . T h e c a l c u 

l a t e d v a l u e s q u a l i t a t i v e l y d i s p l a y s t r u c 

t u r e s i m i l a r t o t h a t e x p e r i m e n t a l l y 

o b s e r v e d , t h o u g h t h e c a l c u l a t i o n w a s 

b a s e d u p o n t h e p o t e n t i a l o b t a i n e d e n 

t i r e l y f r o m t h e f i t t o t h e e l a s t i c d a t a . 

I n e l a s t i c - e x c i t a t i o n c r o s s s e c t i o n s c a l 

c u l a t e d f r o m t h e " a s y m p t o t i c p o t e n t i a l " 

(Vo = 4 3 , Wo = 8) w e r e i n f a i r a g r e e 

m e n t w i t h e x p e r i m e n t a t e n e r g i e s a b o v e 

- 1 . 0 M e V ( s o l i d c u r v e s of F i g . 1 2 ) , b u t 

w e r e l e s s d e s c r i p t i v e a t l o w e r e n e r g i e s . 

T h e l o w - e n e r g y d i s c r e p a n c i e s t e n d e d t o 

b e i n d e p e n d e n t of p o t e n t i a l a n d w e r e 

e v i d e n t i n o t h e r r e p o r t e d c a l c u l a t i o n s 

e m p l o y i n g d i f f e r e n t p o t e n t i a l s .^^' ^ 

R e s u l t s of c a l c u l a t i o n s m a d e w i t h 

c h a n g e s of o n e u n i t of s p i n f o r b o t h t h e 

3 2 0 - a n d t h e 9 3 0 - k e V s t a t e s c o m p a r e d 

p o o r l y w i t h t h e e x p e r i m e n t a l r e s u l t s . 

T h i s , t o g e t h e r w i t h t h e p r e v i o u s l y r e 

p o r t e d e v i d e n c e , ^ m a d e i t d i f f i c u l t t o 

a c c e p t s p i n - a n d - p a r i t y a s s i g n m e n t s 

d i f f e r i n g f r o m t h o s e s h o w n i n F i g . 8 . 

C o m p o u n d n u c l e u s r e s o n a n c e w i d t h s f l u c t u a t e i n a s t a t i s t i c a l l y 

d e s c r i b a b l e m a n n e r , a n d t r a n s m i s s i o n c o e f f i c i e n t s a r e n o l o n g e r d e s c r i b e d 

b y T = 27r< r > D ' ' w h e r e T - 1. 

T h e e f f e c t s of s u c h r e s o n a n c e -

w i d t h f l u c t u a t i o n a n d i n t e r f e r e n c e 

h a v e b e e n e x t e n s i v e l y d i s c u s s e d 

b y M o l d a u e r . • ' ' ^ ^ ' ^ ^ H e d e r i v e d a 

" c o r r e c t e d " t r a n s m i s s i o n c o e f f i 

c i e n t . 6^, of t h e f o r m 

2 Q a ' [ l (1 • Q a T a ) ' ' ^ ] (4) 

0.6 

E 0,4 

0.2 

HF.̂ ^ ^JBC- j 

1 1 1 ; 

J-Sttf-''™ 

r - ^ 
JxL 

F o r w e l l - i s o l a t e d r e s o n a n c e s F < < 

D , T i s s m a l l a n d 9 ^ T . U s i n g 

t h e " a s y m p t o t i c p o t e n t i a l " a n d t h e 

c o r r e c t i o n f a c t o r s of E q . 4 , w e c a l 

c u l a t e d b o t h e l a s t i c a n d i n e l a s t i c 

c r o s s s e c t i o n s f o r t h e l i m i t i n g 

t n Mev 

113-500 
Fig. 12. Calculated (curves) and Measured (crosses) Cross 

Sections for the Excitation of the 0.32- and 
0.93-MeV States in Vanadium. The inter
pretation of the calculated curves is discussed 
in Section IV.A. 
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cases Q = 1 (isolated resonances) and Q = 0 (strongly overlapping reso
nances). The resul ts a re shown in F igs . 11 and 12. Results obtained 
with intermediate choices of the Q parameter lay between the limits set 
by the above extrenne cases . The correct ion factors and choice of the Q 
parameter did not lead to calculated elastic scattering differing appreci
ably from that obtained with the Hauser-Feshbach formalism above. The 
effect of the correct ion factors on the calculated inelastic cross sections 
was appreciable (see Fig. 12), the corrected values lying 20-30% below 
the Hauser-Feshbach resul ts and being in poorer agreement with experi
ment. These qualitative effects of the correction factors were not appre
ciably dependent upon the choice of the optical potential. Generally, 
comparison with present experiments gave little guidance as to desirabili ty 
or magnitude of correct ion t e r m s , though comparisons by other workers 
at higher energies indicated the desirabili ty of the fluctuation correction.^^ 

It is interesting to examine the applicability of the "asymptotic 
potential" over a wide energy range, since the paramete rs of Eq. 3 a re 
energy-dependent and the volume absorption becomes significant at higher 
energies . The calculated total neutron cross section compares well with 
experiment to 10.0 MeV (present work and Ref. 36), as i l lustrated in 
Fig. 13. The calculated elastic angular distributions are in agreement with 
experimental resul ts reported at incident energies of 2 35, 3.0, and 
7.05 MeV. as shown in Figs. 14, 16, and 16, respect ively."•"•^ ' At 14.7 MeV, 
the agreement with experiment^' is less satisfactory (see Fig. 17), although 
it is not clear whether the discrepancies are due to deficiencies in the cal
culation or experiment or both. Inelastic scattering calculated with the 
"asymptotic potential" and the Hauser-Feshbach formalism was in re la
tively good agreement with values measured^^ at 2.35 MeV (see Fig. 14). 
Generally, the form of Eq. 3 with the "asymptotic potential" pa ramete rs 
appears widely applicable to the calculation of total, elast ic , and inelastic 
cross sections of vanadium at energies above about 0.8 MeV. The model 
is less successful at lower energies and certainly is not unique. 

b ' 

LOG En, MeV 

113-488 Rev. 1 

Fig. 13. Measured and Calculated Total Cross Sections of Vanadium. 
Data for En < 1.5 MeV from present work, forEn ' 1.5 MeV 
from the work of Galloway and Shrader.^^ 
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9, deg 

113-489 Rev. 1 

Fig. 14. Calculated Elastic and Inelastic Dis
tributions of Vanadium and theResults 
Measured by Towle25 at 2.35 MeV. 
Solid curves were obtained using the 
"asymptotic potential" form of Eq. 3. 
For comparison, dashed curves are 
those calculated in Ref. 40. 
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Fig. 15, Elastic Angular Distribution of 
Vanadium Calculated Using the 
"Asymptotic Potential" Form of 
Eq. 3, Compared with the Meas
ured Values of Becker at 

3.0 MeV. 
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Elastic Scattering from Vanadium 
at 7.05 MeV. Points are measured 
values reported by Holmqvist and 
Wiedling.^® The curve represents 
calculations using "asymptotic po
tential" of Eq. 3. 
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Fig. 17 

Elastic Angular Distribution of Vanadium 
Measured at 14.7 MeV by Western et al.,^^ 
Compared with Results Calculated from 
Eq. 3. 
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B . C o r r e l a t i o n s a n d F l u c t u a t i o n s 

C o r r e l a t i o n s a n d f l u c t u a t i o n s i n t h e m e a s u r e d c r o s s s e c t i o n s w e r e 

e x a m i n e d w i t h t h e i n t e n t of a s c e r t a i n i n g t h e s t a t i s t i c a l p r o p e r t i e s of t h e 

o b s e r v a b l e s a n d t h e i r p h y s i c a l s i g n i f i c a n c e . T h e i n t e r p r e t a t i o n t o o k t h e 

f o r m s of ( a ) a s e a r c h f o r a q u a n t i t a t i v e m e a s u r e of i n t e r m e d i a t e r e s o n a n c e 

s t r u c t u r e , (b) a n a n a l y s i s b a s e d u p o n t h e p r e m i s e of s t r o n g l y o v e r l a p p i n g 

r e s o n a n c e s ( E r i c s o n f l u c t u a t i o n s ) , ^ ' ' " ' ^ ^ a n d (c ) a d e r i v a t i o n of a v e r a g e 

l e v e l d e n s i t y f r o m f l u c t u a t i o n s i n w i d t h s a n d s p a c i n g s of c o m p o u n d n u c l e u s 

r e s o n a n c e s . • ' 

1. E x i s t e n c e of I n t e r m e d i a t e R e s o n a n c e S t r u c t u r e 

I n t e r m e d i a t e s t r u c t u r e c a n b e a t t r i b u t e d t o m e a s u r e d c r o s s 

s e c t i o n s b y q u a l i t a t i v e i n s p e c t i o n . S u c h p r o c e d u r e s c a n b e d e c e p t i v e . * ^ ' ' ' ' * 

A q u a n t i t a t i v e a p p r o a c h u s e s t h e f u n c t i o n ' 

C(R; 

N 

N .^ 
1=1 

:a(E^)-a(Ejr (5) 

w h e r e 

0(E, ) 
R 

rKi+R/z 

/ E i - R / 2 

a ( E ) d E . 

C ( R ) i n c r e a s e s wi th R, a s y m p t o t i c a l l y a p p r o a c h i n g a c o n s t a n t va lue for R 
m u c h l a r g e r than the a v e r a g e s t r u c t u r e wid th of the f luc tua t ing c r o s s 
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( ^.„r, vp rv different f luc tua t ion w i d t h s (Fj a n d r 2 , 

Tor r ^ R < r , then r i s e s to a second and final p l a t e a u for R > T F, c a n 
be a s s o c i a t e d l u h ^ h e compound nuc leus width ( F C N ) . and T w i th a m u c h 
l a r g l r T n t e r m e d i a t e r e s o n a n c e width (F^s)- The e x p e r i m e n t a l r e s o l u t i o n 
u s e d in the p r e s e n t to ta l c r o s s - s e c t i o n m e a s u r e m e n t s w a s ~ F^^, su t t i 
cent to c l e a r l y ind ica te i n t e r m e d i a t e s t r u c t u r e if p r e s e n t to an a p p l i c a b l e 
e x i t F i g u r e 18 shows the function C(R) c a l c u l a t e d f r o m the t o t a l c r o s s -
sec t ion va lues d e t e r m i n e d in the p r e s e n t e x p e r i m e n t . The funct ion r i s e s 
to a single o sc i l l a t o ry p la teau c h a r a c t e r i s t i c of f - i t e r a n g e d e v i a t i o n s 
(FRD) inheren t in the l imi ted e x p e r i m e n t a l s a m p l e . « ' ^ ^ T h i s f o r m of C(R) 
is cons is ten t with a s ingle a v e r a g e width of a few keV. The i n t e r m e d i a t e 
s t r u c t u r e qual i ta t ive ly appa ren t in the to ta l n e u t r o n c r o s s s e c t i o n s ( s ee 
Fig 1) m u s t , if val id , be of such a magn i tude as to be m a s k e d by F R D and 
s t a t i s t i ca l f luctuat ions in the C ( R ) d i s t r i bu t i on . C ( R ) d e r i v e d f r o m the 
m e a s u r e d e las t i c s ca t t e r i ng c r o s s sec t ions o s c i l l a t e d wi th s u c h an a m p l i 
tude as to p rec lude any r e a s o n a b l e a s s a y of i n t e r m e d i a t e s t r u c t u r e . Such 
behavior was not unexpec ted , in view of the s m a l l e n e r g y r a n g e of the 
sample and the p r e c i s i o n of the m e a s u r e m e n t s . In the p r e s e n t e x p e r i m e n t a l 
context , the u s e of the C(R) function for the a s s a y of i n t e r m e d i a t e s t r u c t u r e 
led to inconclus ive r e s u l t s . 

Fig. 18 

Function C(R), Eq. 5, Evaluated from the 
Measured Total Neutron Cross Sections of 
Vanadium for 0 < R < 480 keV 

; Rev. 1 

L imi t of Strongly Over lapp ing R e s o n a n c e s , r > > D 

F luc tua t ions have b e e n o b s e r v e d in c r o s s s e c t i o n s at e n e r g i e s 
at which the compound nuc leus width i s e x p e c t e d to g r e a t l y e x c e e d the 
spacing (FcN » D C N ) - ^ ' " ' * ' " * ' E r i c s o n p e r f o r m e d a t h e o r e t i c a l s tudy of 
these f luctuat ions and r e l a t e d o b s e r v a b l e q u a n t i t i e s to a v e r a g e c o m p o u n d -
nucleus proper t ies .^ '* ' ' ' ' ^ As u s e d h e r e , h i s i n t e r p r e t a t i o n i s b a s e d upon a 
number of a s s u m p t i o n s , p r i m a r y of wh ich a r e ; (a) The r e a c t i o n s a r e p u r e l y 
s t a t i s t i c a l . ( b ) r > > D , (c) PJ ^ T = a c o n s t a n t , (d) e x p e r i m e n t a l r e s o l u t i o n s 
< r . and (e) no s i ng l e - or s e v e r a l - p a r t i c l e r e s o n a n c e effects e x i s t . Q u a l i 
ta t ively , r / D = n/Zir, w h e r e n is the n u m b e r of effect ive exi t c h a n n e l s . ' " 
In the p r e s e n t e x p e r i m e n t s , n was p r o b a b l y not>>27T; r a t h e r , i = 0 s t r e n g t h 
func t ions" ind ica ted that F / D was m o r e n e a r l y un i ty . PJ -> T = c o n s t a n t 
impl ies a n u m b e r of ava i l ab l e exi t c h a n n e l s and a l a r g e n u c l e a r m o m e n t of 
i ne r t i a , not p a r t i c u l a r l y c h a r a c t e r i s t i c of the p r e s e n t e x p e r i m e n t s . The 
effect of s e v e r a l p a r t i c l e r e s o n a n c e s m a y be a p p r e c i a b l e o v e r m u c h of the 
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m e a s u r e d e n e r g y i n t e r v a l ( see Sec t ion IV.C b e l o w ) . F u r t h e r , the e x p e r i 
m e n t a l r e s o l u t i o n u s e d in the p r e s e n t t o t a l c r o s s - s e c t i o n m e a s u r e m e n t s 
was S F o n l y in l i m i t e d and l o w e r - e n e r g y r e g i o n s . Thus an i n t e r p r e t a t i o n 
of the p r e s e n t w o r k in the f r a m e w o r k of E r i c s o n f luc tua t ions is open to 
c o n s i d e r a b l e q u e s t i o n . The a p p r o a c h i s p u r s u e d h e r e only in the s p i r i t of 
a q u a l i t a t i v e e x p e r i m e n t a l a s s a y . 

E r i c s o n d e r i v e d the t o t a l c r o s s - s e c t i o n c o r r e l a t i o n function 

F ( e ) = < [ a ( E + e) - <a(E)>][o(E) - <a (E)>]> 

F ( e ) = 
Do 

K — ^ 
h^x^f 

c'+r' % r ( 2 i + i)(2i + i) 
Z(2i + 

(6) 
1) T 

w h e r e t i s a m e a s u r e of the d i s t r i b u t i o n of p a r t i a l wid ths a r o u n d the m e a n 
( -1 .5 P o r t e r - T h o m a s dis tr ibut ion '*") , D J = Do/(2J + l ) , T^ = op t i ca l m o d e l 
t r a n s m i s s i o n coef f i c ien t , and i and I a r e the sp ins of the inc iden t and 
t a r g e t p a r t i c l e s , r e s p e c t i v e l y . In the r a t i o f o r m . 

C(6) 
<o(E +6) • o(E)> 

<a(E +6)><o(E)> 
- 1 i^^'-^'^^- (7) 

w h e r e N = n u m b e r of c o n t r i b u t i n g independen t c h a n n e l s and Y - the p r o p o r 
t ion of d i r e c t r e a c t i o n s . E q u a t i o n 7 is i ndependen t of Do and ic . • F u r t h e r . 

C(0) = ^ ( 1 - Y ^ ) . 

and 

F(0) 
brX'f 

• T r r ( 2 i + l ) ( 2 I + l ) TT)I(̂ ^ +1 >Tl 

(8) 

In the fo l lowing . E q s . 7 and 8 a r e u s e d to obta in N and F f r o m the m e a s u r e d 
c r o s s s e c t i o n s and (with the T^ v a l u e s c a l c u l a t e d u s i n g the " a s y m p t o t i c 
p o t e n t i a l " of Sec t ion IV.A) the va lue of Do. C o r r e c t i o n s a r e m a d e for the 
effect of the f ini te e x p e r i m e n t a l r e s o l u t i o n . " ' ' ^ T h e s e c o r r e c t i o n s a r e not 
n e g l i g i b l e , p a r t i c u l a r l y at h i g h e r e n e r g i e s , w h e r e the a s s u m p t i o n s of the 
t h e o r y b e c o m e m o r e a p p l i c a b l e to the e x p e r i m e n t . 

The l o w e r p o r t i o n of F i g . 19 shows C(6) c a l c u l a t e d f r o m the 
m e a s u r e d to t a l c r o s s s e c t i o n s . The funct ion d e c r e a s e s r a p i d l y f r o m a 
m a x i m u m at 6 = 0 to about h a l f - m a g n i t u d e , then s lowly d e c r e a s e s in an 
o s c i l l a t o r y m a n n e r wi th i n c r e a s i n g 6. The s low d e c r e a s e at l a r g e 6 is 
c h a r a c t e r i s t i c of a d i r e c t - r e a c t i o n (DR) m o d u l a t i o n , and the o s c i l l a t i o n s 
a r e a t t r i b u t e d to the f ini te s a m p l e s i z e .*'''"' The DR m o d u l a t i o n (shape 
s c a t t e r i n g ) could be r e m o v e d f r o m the m e a s u r e d da t a u s ing r e s u l t s of a 
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s u i t a b l e o p t i c a l m o d e l c a l c u l a t i o n , b u t a m o d e l c a l c u l a t i o n of s u f i c i e n t 

a c c u r a c y I d i f f i c u l t t o a c h i e v e . A s a p h e n o m e n o l o g i c a l a l t e r n a t i v e , t h e D R 

c o m p o n e n t w a s d e t e r m i n e d b y l e a s t - s q u a r e s f i t t i n g t h e c u b i c 

6 c a l = a + b E + c E ^ + d E ^ (E i n M e V ) ( 9 ) 

t o t h e m e a s u r e d d a t a . T h e o r d e r of t h e f i t w a s s u c h a s t o w e l l d e s c r i b e t h e 

g e n e r a l e n e r g y d e p e n d e n c e w i t h o u t u n d u l y d i s t o r t i n g t h e f l u c t u a t i n g s t r u c 

t u r e 6 , w a s s u b t r a c t e d f r o m t h e m e a s u r e d c r o s s s e c t i o n s , a n d a p o s i 

t i v e c o n " a n t a d d e d t o e n s u r e n o n n e g a t i v e v a l u e s . T h e r e s u l t i n g " f l u c t u a t i n g 

c r o s s s e c t i o n , " s h o w n i n F i g , 20 t o g e t h e r w i t h t h e d i r e c t l y m e a s u r e d v a l u e s , 

w a s u s e d i n s u b s e q u e n t c o r r e l a t i o n a n a l y s i s . 

C(8) 

C(8) 

O-TOT ( f i t ) 

-325 keV 

Fig. 19 

C(6) Evaluated from Total Neutron Cross Sections of 
Vanadium. Lower: C(6), Eq. 7, evaluated from the 
total neutron cross sections of vanadium. The effects 
of direct reactions and the finite sample range are 
evident. Upper: C(6) evaluated from the total neu
tron corrected for direct reactions. 

113-499 Rev. 1 

Fig. 20 

Measured Total Neutron Cross Sections of Vanadium. 
Lower: measured total neutron cross sections of vana
dium. Results are identical to those shown in Fig. 5. 
Upper: measured total cross-section values after cor
rection for DR contributions in the manner described 
in the text. 

113-495 Rev. 1 
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F(e) and C(6) (from Eqs. 6 and 7) were evaluated from the 
fluctuating total c ross section over the entire measured energy interval 
and a number of subintervals thereof. Typical of the resul ts is C(6) cal
culated for the entire interval shown in the upper portion of Fig. 19. FRD 
oscillations remain evident and a re of an rms magnitude consistent with 
the est imates of Hall.*'' ' ' Neither in this example nor in any other C(6) 
calculation was a significant deviation from a simple Lorentzian form 
noted as would be expected from appreciable intermediate resonance s t ruc
ture with a width Fjs >> ^^CN' Table I summarizes C(0), F(0), F, and Do 
values, derived from the correlat ion analysis of the total c ross sections, 
car r ied out over the entire measured interval and subintervals thereof 
using Eqs. 6-8. Uncertainties in the calculated C(0) and F(0) values a re 
large; FRD alone led to standard deviations of 30% or more . The F values 
are remarkably consistent, and Do shows the expected energy dependence. 
However, Do tends to be an order of magnitude larger and F a factor of 
two to three larger than indicated by level density formulas, by results of 
detailed low-energy resonance studies, and by the analysis of average cross 
sections at low energ ies , " ' ' ^ ' ' ' ' These discrepancies tend to compensate 
when the i = 0 strength function is estimated, resulting in a value about 
one-fifth of that reported from detailed resonance studies and about one-
third to one-half of that obtained fronn average low-energy cross sections. 
In view of the inappropriateness of the theory in the present experimental 
context, the resul ts a re probably remarkable for their agreement with 
values obtained by other and more proper methods and tend to indicate 
that such analyses of total neutron cross sections a re not sensitive to these 
theoretical concepts and underlying p remises . 

TABLE L Results of Correlation Analysis a( Measured Total Cross Sections 

Energy Interval, 
MeV 

C(OI CIOI 

FIO), b2 

r.keV 

DakeV 

0 • D(/(21 • 11,' 

r/D|(| X 104'''' 

0.1-
1.44 

0.0378 

1.103 

4.0 

410 

49 

0.96 

0.1-
0.42 

0.101 

3.03 

5.1 

540 

65 

15 

0.21-
0.53 

0.0473 

1.384 

4.4 

304 

36 

2.0 

0.32-
0.64 

0.0353 

0.957 

3.7 

223 

26 

2.0 

0.43-
0.75 

0.0300 

0.848 

3.8 

225 

27 

18 

i 
0.53-
0.86 

0.0234 

0.647 

3.8 

189 

23 

2.0 

0.64-
0.97 

0.0180 

0.546 

3,9 

171 

20 

2.2 

0.75-
1.07 

0,0152 

0.439 

4,0 

162 

19 

2.2 

0.85-
118 

0,0112 

0.34« 

3.2 

115 

13 

2.4 

a97-
L29 

o.ooei 

0.235 

3,0 

83 

10 

2.8 

'Assuming 21 + 1 - 8 . 
^All values corrected to 1 eV. 

As is evident from Eq. 7, correlat ions are damped as the num
ber of exit channels increases and thus should become more pronounced as 
the number of reaction channels is res t r ic ted . Therefore, to obtain more 
definitive resu l t s , C(6) was evaluated for the B^ coefficients of the elastic 
channel and for the excitation cross section of the inelastic channel 
(Q = -0.32 MeV). Unfortunately, these correlat ion functions all showed 
strong FRD oscillations because of the limited extent of the available 
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M, .• c =.r,rf f-hp e x o e r i m e n t a l r e s o l u t i o n s a p p r e c i a b l y 

""'.'ij": ;:r":T: """.s.. - - p — - - - -<^>— 
exceeamg i cN f . , ^ ^ r . j r a t t e r ine m e a s u r e m e n t s . 
f rom e i ther the e l a s t i c or i ne l a s t i c s c a t t e r i n g 

The c r o s s c o r r e l a t i o n function 

Cab = '<:Gab,. 

where 

and 

G a b 
<ga • °h> 

<aa> • < a b > 
- 1 (10) 

K = [Ca(0) • Cb(0)]-'^^ 

is of i n t e r e s t . ' - " Cab ^ ^ ^ d e t e r m i n e d f o r the Bjl coef f ic ien t s of the e l a s t i c 
c r o s s sect ion, the e las t i c and to ta l c r o s s s e c t i o n s , and the e l a s t i c and i n 
e las t ic (Q = -0 ,32 MeV) c r o s s s e c t i o n s . The r e s u l t s a r e g iven in T a b l e II. 
As expected, BQ (approximate ly e l a s t i c c r o s s s ec t i on ) w a s s t r o n g l y c o r r e 
lated with the total c r o s s sec t ion (see F i g . 5). B e t w e e n B ^ v a l u e s , only the 
Bo to Bi co r r e l a t i on a p p e a r s s ignif icant ly l a r g e r than F R D e r r o r s a l o n e . 
This is in con t r a s t to the concepts of E r i c s o n . ' wh ich i n d i c a t e s m a l l c o r 
re la t ions between even and odd B£ coe f f i c i en t s . T h e r e w a s no s ign i f i can t 
n u m e r i c a l co r r e l a t i on be tween e l a s t i c and i n e l a s t i c c r o s s s e c t i o n s , though 
expe r imen ta l unce r t a in t i e s and the l i m i t e d r a n g e of the s a m p l e s m i g h t have 
masked the s m a l l effect that s e e m s q u a l i t a t i v e l y p r e s e n t f r o m a v i s u a l in 
spection of the r e spec t ive c r o s s s e c t i o n s . 

TABLE II. C r o s s - c o r r e l a t i o n V a l u e s 

P r o c e s s e s G a b 
a . b C a b ^ 

BQ and G'p 

Bo and ainel 

BO and Bj 

Bo and B2 

Bi and B2 

1.34 x 10-2 
+0.36 x 10-2 

0,18 X 10-2 
±0.40 X 10-2 

1.4 X 10-2 
±0.60 X 10-2 

- 1 . 6 X 10-2 
±1.2 X 10-2 

- 1 . 5 X 10-2 
±2.1 X 10-2 

0.77 

0.088 

The ind ica ted u n c e r t a i n t i e s a r e l o w e r l i m i t s , only 
pe r ta in ing to e r r o r s a s s o c i a t e d wi th the f in i t e -
ene rgy r ange of the e x p e r i m e n t a l s a m p l e s . 

^Defined by Eq . 10. 
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3. Cross-sec t ion Fluctuations and Distributions of Widths and 
Spacings 

In this section, s t ructure in the measured total cross sections 
of vanadium is considered in the context of fluctuations in compound nucleus 
resonance spacings and widths after the manner of Carlson and Barschal l ' 
and of Agodi and Pappalardo. It is assumed that the experimental resolu
tion appreciably exceeds the average compound nucleus width, and experi
mental averages a re constructed to ensure the validity of the premise . 
Within these averages , the interference between potential and compound 
scattering is neglected and the fo rmer ' s smooth energy dependence is r e 
moved by the cubic fitting procedure described by Eq. 9, It is further a s 
sumed that the part ia l widths are small compared to their spacings. 

With the above p r emi se s , Carlson and Barschall derived the 
total cross section variance 

S2 (variance) = (TTX' 1 
JTT 

<Nj7r> 
is ^ I 

+ k "(I 
\is 

7 . ( U ) 

where g = (2J + 1 )/[2(2I + 1)], <Nj.jy> is the average number of levels of a 
given J7T in the energy interval A, and T^ are t ransmission coefficients.^ 
The derivation makes use of the definitions 

T L = 27T<FJ >/Dj^, 

k,,, = variance F„ /<S „ > = 2 for a Po r t e r -Thomas distribution of 
^ i!s' i!s , ,., 56 

widths, 

and 

k^ = variance Nj7^/<NjTf> = 0.27 for a Wigner distribution of 

spacings. 

Fur the r , it is assumed that the distributions used in calculating 
the var iances a re independent of quantum number and that the widths asso
ciated with differing quantum numbers and spacings for the same quantum 
number a re uncorrelated. Some of these assumptions are not without 
question.'*''* If we separate the energy and spin dependence of the level den
sity in the manner of Gilbert and Cameron. '* <Nj.7f>/A = G(E) H(J7T), Eq. 11 
reduces to 

S 2 A (^X2)' 
1 

G(E) Z-^H(J7r) 
i s Vis / 

(12) 
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Using TJ obtained from the "asymptotic potential" of Eq. 3. 
UM from Ref. 54. and S2 determined from averages of measured values 
over the mterval A, we can obtain G(E). Table III gives the results for 
r ral ene gy intervals of the measured total cross sections and a number 
of averaging increments, A. In the table, the level density derived from the 

averaging . _ , . . j^jj.^) ^^ compared with that given by 
nresent experiments. Pexp - '~->\'^l riW"7' '= f 
t̂  f t- 54 averaema increments 
the formula of Gilbert and Cameron iPtheoi- -̂  °^ averaging 
A » F (i e . A S 25 keV). the Pexp values obtained from the experiments 
are within a factor of two of those given by the density formula and are 
similar to values deduced from resonance studies at low energies^ The 
results were not particularly sensitive to the distributions of widths and 
spacings used in evaluating k^ and k^. Assuming exponential distributions 
(k^ = kn = 1), or even neglecting width effects (kw = 0. kn = 1). the results 
were similar to those obtained with Porter-Thomas and Wigner distribu
tions. The (kw = 0. kn = 1) assumption was that used by Agodi and 
Pappalardo.' Within the experimental uncertainties of 30-50%. the observed 
structure of the total cross section is consistent with the interpretation 
based upon recognized distributions of compound nucleus resonance widths 
and spacings. The distribution in spacings is a dominant factor, though the 
results are not sensitive to the detailed form of the distribution function. 

TABLE III, Compar ison of Exper imenta l ly and Theore t i ca l ly Der ived Leve l D e n s i t i e s 

Ene rgy In te rva l , MeV 

Averaging 
Increment 

0,10-0,545 
Av = 0,327 

0 , 5 4 5 - 0 , 9 9 0 
A v = 0 ,767 

C.990-1,435 
Av = 1,212 

A = 1-3 keV 

S'A, b ' MeV 

Pexp, MeV"' 

Ptheo. M e V ' 

Pexp/Ptheo 

S'A, b^ MeV 

exp, 
M e V 

[f 'exp/Ptheo 

7,49 X 10-^ 

3,37 X 10^ 

1,27 X 10' 

2,6 {Z.5,^ 1,3d) 

1,65 X 10-^ 

1,53 X 10' 

1,20 (1.1,c 0,6d) 

0,136 X I 0 - ' 

1,85 X 10' 

1,46 (1,4,= 0,7^) 

0.109 X 10" ' 

2.37 X 10' 

1,82 {1.7,'= 0.9"^) 

0,106 X I 0 - ' 

2,30 X 10' 

1,87 (1.7, ' : o.9d) 

1,8 X I 0 - ' 

2.77 X 10' 

1,73 X 10' 

1.59 (1,8,^ 1.2d) 

0,38 X 10"^ 

1,34 X 10' 

0,78 ( 0 , 9 , 0,59<*) 

0,477 X 10"^ 

1,09 X 10' 

0,63 (0,7,= 0.5d) 

0,495 X 10"^ 

1,05 X 10' 

0,61 (0,7,<: 0.6' ') 

0,546 X 10-^ 

0,95 X 10' 

0.549 (0,6,e 0,4d) 

0,56 X 1 0 - ' 

8,16 X 10' 

2,34 X 10' 

3,47 (4,5,<; 3.2d) 

0.13 X 10-^ 

3,50 X 10' 

0,78 (1.93,c I ,36d) 

0.216 X 10"^ 

2,14 X 10' 

0,91 (1.2,<: 0,8d) 

0,265 X 1 0 - ' 

1,76 X 10' 

0,74 (1,0,= 0,7"*) 

0,234 X 10" ' 

1,97 X 10' 

0,842 (I,I,<: 0,8d) 

Raw exper imenta l data, resolut ion as pe r Section III.A, ~ I keV. 
"Calculated from form of Gilbert and C a m e r o n , " 
'Ra t io assuming exponential d is t r ibut ion of widths and spac ings (kvj = 1, k^ = 1). 
<>Ratio assuming only exponential spacing d i s t r ibu t ion (kw = 0, kn = O-
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T h e e x p r e s s i o n 2 T r < F / D > = T u s e d i n d e r i v i n g E q . 11 i s k n o w n 

t o b e i n v a l i d w h e n T a p p r o a c h e s u n i t y a s i t t e n d s t o i n t h e p r e s e n t e x p e r i 

m e n t s . C o n s i d e r i n g r e s o n a n c e i n t e r f e r e n c e a n d S m a t r i x u n i t a r i t y , 

M o l d a u e r h a s d e r i v e d t h e r e l a t i o n 27T<r /D> = i n [ l / ( l - T ) ] , v a l i d f o r l a r g e 

T . " T h e u s e of t h i s r e l a t i o n i n c r e a s e d t h e l e v e l d e n s i t i e s d e r i v e d f r o m 

e x p e r i m e n t ( p e x p °i T a b l e I I I ) b y a b o u t a f a c t o r of t h r e e , t o v a l u e s a p p r e 

c i a b l y l a r g e r t h a n i n d i c a t e d b y e i t h e r l e v e l - d e n s i t y f o r m u l a s o r d e t a i l e d 

r e s o n a n c e m e a s u r e m e n t s . S u c h d i f f e r e n c e s m a y , i n p a r t , b e d u e t o i n a p 

p r o p r i a t e n e s s of E q . 12 i n t h e p r e s e n t e x p e r i m e n t a l c o n t e x t . T h e e q u a t i o n 

i s v a l i d o n l y f o r n o n o v e r l a p p i n g r e s o n a n c e s , a n d t h e B e t h e r a n d o m n e s s 

h y p o t h e s i s ' ' " i s i n v o k e d t o e x t e n d t h e v a l i d i t y t o s i t u a t i o n s w h e r e p a r t i a l 

w i d t h s a l o n e a r e s m a l l c o m p a r e d t o s p a c i n g s . It i s n o t c l e a r t h a t s u c h a n 

e x t r a p o l a t i o n i s v a l i d i n t h e p r e s e n t e x p e r i m e n t a l c o n t e x t . 

C . T h e I n t e r m e d i a t e O p t i c a l M o d e l 

T h e i n t e r m e d i a t e s t r u c t u r e q u a n t i t a t i v e l y e v i d e n t i n t h e e n e r g y -

a v e r a g e d t o t a l , e l a s t i c , a n d i n e l a s t i c c r o s s s e c t i o n s of v a n a d i u m c a n b e 

c h a r a c t e r i z e d b y a w i d t h , F j s . a n d a s p a c i n g , D j g , l a r g e c o m p a r e d t o t h a t 

of t h e c o m p o u n d n u c l e u s a n d s m a l l r e l a t i v e t o t h a t of t h e s i n g l e - p a r t i c l e 

o r d i f f r a c t i o n " g i a n t r e s o n a n c e s " (i e . , F Q J J < F jg < F g p . Df^jvj < D j s '-̂  l - ' s p ) -

T h e o b s e r v e d s t r u c t u r e i n e l a s t i c a n d i n e l a s t i c s c a t t e r i n g p r o c e s s e s a p 

p e a r e d c o r r e l a t e d i n s c a t t e r i n g a n g l e ( s e e F i g s . 7 a n d 2 1 ) . 

Fig- 21 

Differential Elastic Neutron Scattering Cross 
Sections of Vanadium Observed at Laboratory 
Angles of 27-154°. The curves are dehved 
froiD the measured values expressed in the 
form of Eq. 1. The results have been aver
aged over a 50-MeV energy interval to smooth 
local fluctuations. Actual measured values 
are indicated at 27°. 

113-893 Rev. 1 

S t r u c t u r e of t h e t y p e o b s e r v e d h e r e h a s b e e n i n t e r p r e t e d i n t e r m s 

of " d o o r w a y s t a t e " p r o c e s s e s s M a n y s u c h i n t e r p r e t a t i o n s t e n d t o b e 

q u a l i t a t i v e c o m p a r i s o n s w i t h e x p e r i m e n t . T h e " d o o r w a y s t a t e " h a s b e e n 

q u a n t i t a t i v e l y s t u d i e d i n t h e c o n t e x t of C N f i n e s t r u c t u r e b y L e j e u n e a n d 

M a h a n x " a n d b y T a k e u c h i ' a n d c a n b e r e l a t e d t o t h e p r o p e r t i e s of n u c l e a r 
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„f T e m m e r and Shakin, for e x a m p l e . ' " L i p p e r h e i d e . ' ' " s t r u c t u r e i n t h e m a n n e r o f L e m n i e r a n a ^ n , u . ^ t e r m e d i a t e o p t i c a l 

"rl"^Et;.::;orr:s:::s^5:r.r™...r„... .a..„4=..; 
"::Li;^L';;iL,...„a .,.™.a....«;.--™..-
reso lu t ion . This concept is used in the p r e s e n t ini; y 

aspec t s of which follow Ref. 71 . 

Res t r i c t i ng the i n t e r p r e t a t i o n to the two open c h a n n e l s of s - w a v e 
e las t ic and ine l a s t i c s c a t t e r i n g and a s s u m i n g w e l l - i s o l a t e d d o o r w a y s t a t e s 
and no d i r e c t r eac t ion , the e n e r g y - a v e r a g e d T - m a t r i x for two open c h a n 
nels i s * ' ' ' 

<T,.>^<.^,iss;<»'"7"^<!-;;'^^;';'>. <.3, 
^ ' s E - Es - As ±T-(FJ ± F^) 

where 

2 ' 

T P and S^ a r e potent ia l s c a t t e r i n g T- and S - m a t r i c e s . 

x(+) is the d i s to r t ed wave sat isfying ou tgo ing-wave b o u n d a r y 

condi t ions . 

Eg is the energy of the sth doorway s t a t e . 

r i is the decay width of the s th doorway to the CN. 

a n d 

F | is the decay width to the cont inuum. 

The width Fg = F'^I + r s2 , whe re Fgi and Fgz a r e e l a s t i c and i n e l a s t i c con 
t r ibu t ions , r e spec t ive ly , and P and d a r e p ro j ec t i on o p e r a t o r s to the open 
channel and the doorway, r e s p e c t i v e l y . 

The wave equation for complex poten t ia l i n t e r a c t i o n s in the p r e s e n c e 
of doorways isi.8.9,62-64 

TPHP - Y fjE) • P H d 0 „ > < 0 - d H P - E X = 0. (14) 

where 

f(E) = l / ( E - E s ± i F | / 2 ) . 

F r o m this complex potent ia l equat ion, a T - m a t r i x , T ' ^ P , can in p r i n c i p l e be 
der ived equivalent to the e n e r g y - a v e r a g e d T - m a t r i x of Eq. 13, and the t o t a l , 
absorpt ion, e l a s t i c , and i ne l a s t i c c r o s s s e c t i o n s a r e o b t a i n e d . " The to ta l 
c ro s s sect ion is p ropor t iona l to the T - m a t r i x and is g iven b y ' - ' ' " 
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( Q T O T ) 271-V (-ImT^P). (15) 

The other c ross sections follow from statist ical considerations. The sta
tist ical propert ies of the T-mat r ix , T = T -̂*^ + T^^^, have been extensively 
studied in the absence of a doorway. ' In the presence of a doorway, the 
exact T-matr ix can be written T = jP ' -^^ + T"̂  + T"!.' T'i has the same 
s tructure as T , and T is assumed constant over an energy-averaging 
increment. Therefore T^'-''^ + T'^ can be associated with T ^ ^ , and T'̂  with 
nCN With these associat ions, the energy-averaged cross sections are 

given by 

. opt fl 
<Occ'> = Occ' + Occ' 

where 

opt 
•nXilT '^Pl 

T T X ' 

T,CNT,CN 
T c T g i 

Z TCN ' 

and 

p C N 
- Z | 6 c - IT cp 

(16) 

In pract ice, the calculation of these quantities from the coupled complex-
potential wave equation, Eq. 14, is difficult, and a simplified method is 
sought. For this purpose, the cross section is obtained from the following 
decoupled equations; 

[PiHP, - Y Fs,(E)P,Hd</)s><0sdHP, - E I Xi = 0, 

and 

[PzHPz - 1 Fs,(E)P2Hd0s><«sdHPz - ] X, = 0, 

(17) 

where Pj and Pj a re projection operators for elastic and inelastic channels, 
respectively, and 

Fsi(E) = 
1 

E - E , + l ( r » + r t ) . ^ . 
(18) 



32 

11- „ TT̂  17 ^an be c o m p a r e d wi th the e n e r g y -
The c r o s s sec t ions ca lcu la ted f rom Eq. 17 can be c o m p 
averaged c r o s s sec t ions of E q s . 15 and 16. 

The diagonal e l emen t s of the T - m a t r i x d e r i v e d f rom ' ^ e d e c o u p l e d 
ECS 17 a r e equivalent to those of T^P obta ined f rom the coupled Eq. 14, and 
th'e to l l c ro s sec t ion obtained f rom E q s . 17 is equiva len t to t ^e e n e r g y -
I v e r a ^ e d total c r o s s sec t ion . O^ °f Eq. 16 is equal to Y r ^ ^ ' l T l i T ^ . 
Eqs 17, but the a ? f of Eq. 17 is z e r o . A s s u m i n g F L and Fsz a r e e q u a l , we 
f an u s e t r a n s m i s s i o n coefficients following f rom the decoup led e q u a t i o n s to 

imply e x p r e s s e las t i c and i n e l a s t i c c r o s s s e c t i o n s in the following f o r m : 

and 

<a«l> 

<a i"^ l> 

\ ° O M H F / 
1 s i 

O n 

L _ r t inel 
r* + Ft r t + F i ' ' O M H F -

F 

(19) 

Both of the above e x p r e s s i o n s a r e the f ami l i a r o p t i c a l - m o d e l H a u s e r -
Feshbach r e s u l t s modified by r a t h e r s i m p l e c o r r e c t i o n f a c t o r s d e p e n d e n t 
on doo rway- s t a t e widths . 

Equat ions 17 have been i n t e r p r e t e d as convent iona l o p t i c a l - m o d e l 
equat ions , modified only by the p r e s e n c e of the e n e r g y - d e p e n d e n t f ac to r 
Fs i (E) . ' " In the p r e s e n t a n a l y s i s , an opt ica l po ten t ia l of the fol lowing f o r m 
was chosen; 

V°P ' = -V + iW -I- Vs 

and 

, i + F , + iFz. 

where 

F , = Z S s 

- ! ' • 

( E - E s ) 2 + (?4)" 

'• S / 2 

s ( E - E s ) ' + 
,2 4 / 

(20) 

Ss being the s t reng th of i n t e r a c t i o n with the s d o o r w a y . The i m a g i n a r y 
component, W, of Eq. 20 is due to r e a c t i o n s not p r o c e e d i n g t h r o u g h e x 
plicit ly identified doorway s t a t e s . 
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The potentials V, W, and Vgo were assumed to follow the spacial 
distributions of the phenomenological potential given in Eq. 3. The doorways 
are classified as the j ' ^ each with associated s trengths, resonant energies, 
Es , and widths. Fi . When averaged over energies large compared to those 
character is t ic of the doorways, Fi -» 0, F2 -• constant, and Eq. 20 reduces 
to the "conventional" optical potential. ' Other aspects of the intermediate 
potential, such as nonlocality and energy dependence, have been extensively 
d i scussed . ' ' ' 

General application of Eq. 20 to the interpretation of experiment 
leads to the adjustment of a large number of parameters descriptive of each 
of a number of contributing doorway states . This would be t rue , for example, 
of charged-part ic le reactions at relatively high energies involving a number 
of angular momenta. The number of parameters is sharply reduced in the 
consideration of the present experiments at incident energies <1.0 MeV. 
i = 0 processes are predominant with possible doorway configurations of 
3- and 4- . Only the former can contribute to the inelastic channel (Q = 
-0.32 MeV, I = 0). The present interpretation is further simplified by 
assuming that the reactions are spin-independent and that possible doorway 
states do not appreciably overlap. Both assumptions are qualitative ap
proximations, but they do permit a simple interpretation of the measured 
results in t e rms of the above intermediate model. 

The procedure followed was to select, by inspection, average V and 
W values and a limited number of doorways characterized by Eg, Fg, and a 
strength, Ss. and calculate V°pt from Eq. 20 for comparison with the real 
and imaginary portions of the potential derived from a detailed fit to the 
measured elast ic distributions (see Fig. 10). Commensurate with the a s 
sumption of isolated doorways and the known compound nucleus s t ructure , 
the number of doorway states considered was restr ic ted to *5/MeV. Door
way pa ramete r s were suitably adjusted where indicated, and the above pro
cedure was repeated until a reasonable agreement was achieved between 
V°P* and the experimentally derived potential. The "intermediate" potential 
was then used to calculate elastic and inelastic distributions for direct com
parison with the measured values. Rather good results were obtained after 
three or four i terat ions. Typical are the comparisons of real and imaginary 
portions of V°P* and the experimentally derived potential shown in Fig. 22. 
and the elastic and inelastic results as measured and as calculated from 
V°P' shown in Fig. 23. The doorway parameters derived from these fitting 
procedures , assuming F^i = Fgz = r J / 2 , are given in Table IV. To avoid 
an upper-energy "end effect," three additional doorways were postulated and 
distributed uniformly between 1.1 and 1.6 MeV. Their effect on the calcu
lated resul ts below -0.8 MeV was small . No additional doorway states were 
assumed below the minimum experimental observed energy of -0.3 MeV. 
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Fig. 22 

Real (V) and Imaginary (W) Portions of the Interme
diate Optical Potential (Eq. 20), Calculated, Com
pared with the Phenomenological Optical Potential 
Derived from a Fit to the Measured Elastic Scatter
ing Distributions, EXP. Positions of doorway states 
are indicated by arrows referring to Table IV values. 

113-1872 

Fig. 23 

Comparison of Experimental Elastic Scatter
ing Angular Distributions and Inelastic Cross 
Sections, EXP., of Vanadium with Those 
Calculated from the Intermediate Optical 
Potential and Statistical Theory, CAL. 

f ^ 
1 

j s ^ _z2=2z; 

CAL^ 

1 

EXR 

^ ^ Z ^ 

1 1 

TABLE IV. Doorway Po t en t i a l P a r a m e t e r s Used wi th E q . 20a 

No. of 

State 

1 

2 

3 

4 
5 

Eg , MeV 

0.28 

0.48 
0.60 

0.70 

0.93 

F VF* s' s 

0.3 

2.02 

3.52 

1.99 
2.33 

r s ( t o t ) . 

MeV 

0.31 

0.135 

0.11 

0.17 

0.27 

To 
P e a k 

0.74 

0.88 

0.54 

0.89 
0.78 

S t r e n g t h . 

MeV^ 

1.80 

0.70 

0.22 

0.99 
0.97 

^Calculations u s e d V = 48.0 MeV and W = 6.5 MeV. 
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V°P* qualitatively descr ibes the features of the experimentally de
rived potential (see Fig. 22) with the more serious differences at the higher 
incident energies , where £ / 0 contributions are of increasing importance. 
V°P* also provides a s imilar qualitative description of the measured elastic 
angular distributions (see Fig. 23). The s t ructure of the B, coefficient is 
part icularly well portrayed by calculations based upon V°P'. The correlation 
between measured and calculated inelastic scattering is less satisfactory, 
but the former did not appreciably extend over much of the appropriate 
energy range of V°P . F rom the doorway parameters (listed in Table IV) 
and To calculated at the peaks of the respective s ta tes , the ratios P ' / r ' and 
the total doorway width F = F* + F^ can be eva lua ted , ' ' ' ' " with the results 
given in Table IV. Though speculative, the quantities are of magnitudes 
commensurate with the est imates of theory . ' ' ' Averaging Fj and F2 of Eq. 20 
over energy intervals much greater than Fjs or Djs leads to a V°P' that 
reasonably descr ibes the measured results averaged over a 200-keV energy 
interval. However, the s-wave strength function calculated from V°P' for 
E -• 0 is approximately a factor of seven smaller than indicated by direct 
observat ion" or systematics .^ ' This may reflect the presence of doorways 
near zero or negative energy not identified by the present experiments. 

The above interpretat ion is consistent with the presently observed 
s t ructure in the total and elastic scattering cross sections of vanadium. 
This interpretation is reasonably free of gross assumptions or the use of 
an unduly large number of pa ramete r s . It is a logical development of the 
general optical potential. The interpretation provides qualitative knowledge 
of the propert ies of doorway resonances without detailed understanding of 
CN resonance s t ruc ture . Indeed, the method precludes a direct correlation 
between explicit CN and doorway resonance paramete rs , in the manner of 
Monahan and Elwyn. ' 
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V. COMPARISON WITH ENDF-B 

Since a motivation of the present work was the provision of fast 

mtron data for reactor design, it is ins tructive to compare the present 
results with the pertinent contents of the Evaluated Nuclear Data F i le -B 

(ENDF-B).'°'^' 

As indicated in Fig. 24, the total cross sections determined in the 
present work compare reasonably well with the ENDF-B values. The 
ENDF-B evaluation was finished before the completion of the present work 
and therefore does not show the recently measured detailed resonance 
behavior. At higher energies, the ENDF-B values are in good agreement 
with the work of Galloway and Shrader" and extrapolate well during the 
uncertain interval from 1.5 to 2.0 MeV. Throughout the range 0.3-10.0 MeV. 
the ENDF-B values are closely followed by the total cross section calculated 
using the potential of Section IV.A. as shown in Fig. 25. Elastic scattering 
cross sections contained within the ENDF-B file are in a somewhat different 
format from that used in Section III.B. However, when transformed to the 
present base (format of Eq. 1), they are remarkably descriptive of the 
experimental values, as indicated in Fig. 26. Such differences as do exist 
are largely in regions of strong fluctuations. Figure 27 compares exper i 
mental and ENDF-B inelastic scattering values. The evaluation rel ied to 
an appreciable extent upon optical-model and statistical calculations, and 
these show the same tendency toward low cross sections for the excitation 
of the 320-keV state, particularly near threshold, noted in Section IV.A. 
At higher energies, ENDF-B and experimental values reported by Towle 
are in good agreement. 

I ' : l 9 'I. . 

Fig. 24. Total Cross Sections of Vanadium Derived from Present Work (top) and 
ENDF-B Datal" (lower) 
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Fig. 25. Total Cross Sections, Calculated as Described in Section IV.A, 
Compared with ENDF-B Values 
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Fig. 26 

Elastic Scattering Cross Sections of Vanadium 
Determined in the Present Work (data points) and 
the Values Given by ENDF-B (solid curves) 

112-9470 Rev. 1 

Fig. 27 
Measured and ENDF-B Inelastic Excitation Cross 
Sections of Vanadium. Data below 1.5 MeV b 0.3 
(crosses) are from present work. Solid data circles 
are values reported by Towle.^^ Solidcurves are 
ENDF-B values. Reaction Q values are indicated. 
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Generally, the ENDF-B file gives a reasonable description of the 
results of the present experiments, though the latter show more detailed 

:nan:e stru'cture and'result in somewhat larger inelastic c ross sections 
Whether these are critical matters may depend upon the use of the informa 
tion in the design of reactor systems. The ENDF-B values a ener^g-s 
>1 5 MeV closely correspond to other reported measurements of total and 
scattering cross sections and to the predictions of the optical model and 
statistical calculations outlined in Section IV.A. 
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VI. CONCLUDING REMARKS 

The observed total, elastic and inelastic scattering c ross sections 
were character ized by both a fine and intermediate energy-dependent 
s t ruc ture . Though of good resolution, the resul ts did not provide a defini
tion commensurate with compound-nucleus resonance analysis, and the 
interpretation was confined to the intermediate s t ructure and the average 
energy dependence of the observed quantities. 

A phenomenological optical-potential was shown descriptive of total 
and elastic scattering c ross sections of vanadium over a wide energy range. 
Results of calculations based upon this potential and stat ist ical theory were 
qualitatively descriptive of the observed inelastic scattering, but quantita
tively deviated from measurement , part icularly near the reaction thresholds. 
Consideration of alternative spin-parity assignments and/or the effects of 
resonance width fluctuations failed to enhance the agreement with the 
present experiments . 

An attempt to use correlat ion analysis in a quantitative assay of 
the observed intermediate s t ructure was inconclusive because of the effects 
of the finite sample range, the presence of direct reactions, and the uncer
tainties of the measurements . 

The suitability of Er icson ' s concepts in the context of the present 
experiments is highly questionable. However, an interpretation based upon 
them led to reasonable strength functions, though the derived F and D were 
inconsistent with both experimental evidence and the basic premise (F » D). 

An experimental interpretation of the'observed structure in the total 
c ross section based upon known compound-nucleus distributions in widths 
and spacings, assuming a nonoverlapping of partial resonance widths, 
resulted in compound-nucleus-level densities similar to those predicted 
by systematics and by extrapolation from detailed low-energy resonance 
studies. The resul t was not part icularly sensitive to the form of the d i s 
tributions of either F or D. or even to the omission of the former. 

The resul ts of calculation using an intermediate optical potential, 
based upon the premise of a few isolated doorway states, were in qualita
tive agreement with the experimental elastic distributions and the phenom
enological potential derived therefrom. This intermediate model used 
relatively few doorway paramete rs , and comparison with experiment led 
to parameter values of the magnitude expected from theoretical es t imates . 
A wider application of the method may ass i s t in determining some of the 
s tat is t ical propert ies of doorway s ta tes . 

The lat ter two of the above interpretat ions of the intermediate 
s t ructure appear physically applicable and result in qualitative agreement 
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with experiment. The approaches are not unique, and other interpretat ions 
Tate led to similar quaUtative s u c c e s s e s . - ' " The various interpretat ions 
i r l n o t necessarily mutually exclusive and may each appreciably contribute 
to the physical reality. 

The present work indicates that the evaluated vanadium data 
(ENDF-B) often used in reactor calculations is reasonably representat ive 
of microscopic measurement and should be suitable for many applied studies. 
As increasingly fine energy groups are used in macroscopic calculation, it 
may become desirable to refine the evaluated data to take more cognizance 
of the observed fine-resonance structure. Further, it may be desirable to 
revise the evaluated file to bring it into better agreement with the resul t s 
of the present and other recent studies of the inelastic neutron-scat ter ing 
cross sections of vanadium. Such revisions will be appreciable near the 
first inelastic threshold (Q = -0.32 MeV). 



APPENDIX 

Tabulations of Measured Cross Sections 

Tables V-VIII are provided for the use of those individuals inter
ested in numerical values of the experimental quantities, either for pure 
or applied reasons . 

TABLE V. Observed Total Neutron Cross Sections of Vanadium 

E„, keV 

100.79 
102.69 
104.89 
106.fl9 
108.99 
110.99 
112.99 
114.99 
116.99 
118.99 
121.09 
123.09 
125.09 
127.09 
129.10 
131.09 
133.09 
135.09 
137.09 
139.19 
141.19 

143.20 
145.15 
147.19 
149.19 
151.19 
153.19 
155.19 
157.19 
159.19 

161.19 
163.19 
165.19 
167.19 
169.29 
172.29 
174.«:9 
176.29 
178.49 
180.49 

O-p, b 

4 . ts 
2.h2 
2.i9 
1.99 
1.65 
1.97 
0.54 
4.36 
b.^l 
6.99 
b.ui 
9.u4 

10 .i^ 
ill .le 
12.19 

a ,"6 
d.li4 

6.0 2 
7.13 
b.l7 
o.Vi 
7.70 
5.o7 
5.40 
i . t l 
2.94 
5.13 
5.f7 
4.74 
5.2« 
6.65 
B.43 
9.39 
•y, *9 
8.17 

6.ill 
S.9y 
6.04 
5.b9 
S.V*! 

dO'j'. b 

.U9 

. U9 

.09 

.09 

.U9 

.09 

.U9 

.UV 

.O"* 

.09 

.09 

.UV 

.U9 

. UV 

.09 

.09 

.U9 

.09 

.09 

.i;9 

.09 

.09 

.09 

.09 

. 09 

. U9 

.09 

.09 

. OV 
• OV 
.09 
. OV 
.OV 
. JV 
.09 
.OV 
.09 
. OV 
. 'JV 
.09 

En' ̂  .eV 

lUl.d9 
103 
103 
10/ 
109 
111 
113 
115 
11/ 
120 
122 
124 
126 
120 
13U 
13<i 
134 
136 
130 
I4y 
i4«; 

144 
l<tS 
140 
150 
15ii 
154 
156 
x5a 
160 
162 
164 
160 
loB 
17j 
170 
1/J 
17/ 
I7y 
lei 

69 
69 
9V 
V9 
V9 
99 
y9 
99 
U9 
09 
09 
09 
10 
10 
09 
U9 
U9 
OV 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
«(9 
<i9 
<;9 
49 
49 
••9 

O'p, b 

3,01 
3.15 
1. /B 
<;.03 

l.Vl 
^,06 
3.U7 
3 , 46 
6. /b 
/.19 
9 , L 5 

10,^0 
10.90 
10,69 
9.12 

/,3l 
5,54 
6,96 
/. /O 
d. /O 
B.3/ 
3. V9 
5 , B 7 

4,99 
3.32 
3 . 63 
5.5b 
5.*6 
4,17 
4,V4 
/,bb 
9,,i4 
9,<!4 
9,1/ 
6.60 
6,13 
5,/4 
3,06 
6. U6 
t.ca 

doj, 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

. 09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 
f09 
.09 
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T A B L E V ( C o n t d . ) 

E „ . k e V a-p, b da-T-, b 

182.49 
184.49 
186.49 
188.59 
190.59 
192.59 
194.59 
196.59 
198.59 
200.59 
202.59 
204.59 
206.59 
208.59 
210.59 
212.59 
214.59 
216.59 
218.59 
220.59 
222.59 
224.59 
226.59 
228.59 
230.59 
232.59 
234.59 
236.59 
238.59 
240.59 
242.59 
244.59 
246.59 
248.59 
250.59 
252.69 
254.69 
256.69 
258.69 
260.69 
262.69 
264.69 
266.69 

6.57 

7.50 
7.93 
9.49 
8.19 
7.17 
9,«7 
8.95 
6.81 
6.38 

5,11 
5.41 
7,64 
8.69 
7.04 
6,39 
6.57 
6.53 
4.02 
3.93 
3,05 
2.53 
3.08 
3,7 0 
4.79 
7.01 
6.7 0 
7,23 
7.94 
7.89 
7.08 
7.07 
6.97 
5.65 
5.54 

5.21 
5.33 
5.86 
5.16 
3.92 
3.06 
4.31 
4. lb 

.OV 

.OV 

.09 

.09 

.09 
• OV 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.OV 

.09 

.09 

.09 

.09 

.OV 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

. OV 

.09 

.09 

E n , k e V 

1 8 3 , 4 9 
1 8 3 , 4 9 
l b / , 3 9 
1 8 9 , 5 9 
1 9 1 . 3 9 
1 9 3 . 3 9 
1 9 3 . 3 9 
1 9 / . 5 9 
1 9 9 , 5 9 
2 0 1 . 3 9 
i i 0 3 . 3 9 
2 0 5 . 5 9 
i ! 0 / . 5 9 
2 0 9 , 3 9 
2 1 1 . 3 9 
^ 1 3 . 3 9 
2 1 5 . 3 9 
2 1 7 , 5 9 
^ 1 9 . 5 9 
2 i ; i , 5 9 
< i 2 3 . 3 9 
2 2 5 , 5 9 
2 ' 2 / , 5 9 
i ! i 2 9 , 5 9 
2 3 1 , 5 9 
2 3 3 , 5 9 
< : 3 5 , 5 9 
2 3 / , 5 9 
^ 3 9 , 5 9 
< : 4 1 , 5 9 
. i 4 3 , 3 9 
2 4 3 , 3 9 
2 4 / , 3 9 
2 4 9 , 3 9 
< i 5 1 , b 9 
2 5 3 , 6 9 
< i 3 5 , b 9 
2 t > / , b 9 
2 5 9 , 6 9 
2 6 1 . 6 9 
2 6 3 . / O 
2 6 5 , / O 
2 6 / . 6 9 

Of, d o x ' ^ 

6.03 
/,31 
8,49 
9,^9 
8,05 
7,36 
9,61 
8,39 
/,65 
5,38 
4,52 
6,4b 
8,/3 
7.55 
6,^1 
6.04 
6,42 
3,03 
3,54 
3,15 
2,99 
2,65 
3,29 
3, /4 
5,02 
6,57 
/,55 
/,61 
7, /D 
7,36 
7,26 
7,02 
5,60 
5,/4 
5,16 
5, /3 
3,6/ 
5,05 
4,/2 
3,37 
3,67 
4,42 
4,43 

.09 

.09 

.09 
,09 
. 09 
.09 
,09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
,09 
,09 
,09 
,09 
,09 
,09 
,09 
.09 



TABLE V (Contd. 

;„. keV 

268.69 
270.69 

272.70 
274.69 
276.69 
278.69 
280.69 
282.69 
284.69 
287.69 
289.69 
291.69 
293.69 
295.69 
297.69 
299.69 
301.69 
303.89 
305.69 
307.89 
309.69 
311.89 
313.89 
315.89 
317.89 
319.89 
321.99 
323.99 
325.99 
327.99 
329.99 
331.49 
333.49 
335.49 
337.49 
339.49 

341.49 
343.49 

345.49 
347.49 
349 .49 
351.49 
353.49 

0'Y< b 

4.30 
2.90 
2.54 
2.58 

5.13 
5.45 
5.68 
6.30 
6.11 
5.35 
5.65 
5.69 
5.71 
3.26 

5.40 
5.97 
6.12 
7.60 
7.31 
7.36 
6.62 
4.58 
5.19 
4.98 
5.59 
6.47 
5.94 
4 .43 
3. V9 

5.08 
4.51 
5.22 
6.U4 
5.71 
5.63 
5.39 
4 .65 
4.69 
4.16 
3.33 
2.74 
3.67 
4.70 

da-ji, b 

.09 

.09 

.09 

.09 

.U9 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.OV 

.09 

.09 

.09 

.09 

. OV 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.OV 

.OV 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

En, keV 

<;69.69 
.^71,09 
<! 7 0 , 6 9 

2/5.09 
<i7/.69 
279.69 
2bl.69 
280.69 
doo, /O 
.^60.69 
<:V0 .69 
^9<!.69 
<:94.69 
296.69 
,^90,69 
300.69 
O0i,69 
30t,O9 
306,69 
0U6,69 
010,69 
01<d,09 
014,69 
016,69 
010.09 
0^0.99 
022.99 
0i4.V9 
OV 6 . 9 V 

0^6.V9 
030.VV 
032.••9 
031.49 
000.49 
030.".9 
040,49 
04<!,4V 
04 4.49 
046.t9 
040.49 
O50 .'•V 
052.tV 
054 ,49 

Q'p, b 

3.69 
2.4B 
2,/9 
4,30 
5,15 
5,52 
5,99 
6.<t9 
5,03 
5,40 
5,66 
5,65 
5,93 
3,'.4 
5,«6 
5,bO 
6, 04 
6,4b 
/ ,06 
/,00 
3,'t6 
4,bO 
4,V9 
4,63 
6.40 
6.01 
5.03 
4.11 
4, /9 
5. 01 
3,9/ 
5,94 
5 , B 7 

5.^1 
4 , V5 
5, 03 
4,eb 
4,17 
3, /5 
3.^9 

2 . ib 
4 , 3« 

5 . 31 

da-j-i 1 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 
• 09 
.09 
. 09 
. 09 
.09 
• 09 
.09 
. U9 
. 09 
• 09 
. 09 
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TABLE V (Contd.) 

En, keV 

355.49 
357.49 
359.49 
361.59 
363.59 
365.59 
367.59 
369.59 
371.59 
373.59 
375.60 
377.59 
379.59 
381.60 
383.59 
385.59 
387.59 
387.89 
389.69 
392.89 
394.69 
396.69 
398.89 
400.89 
402.69 
404.89 
406.89 
408.89 
410.89 
413.09 
415.09 
417.09 
419.09 
421.09 
423.09 
425.09 
427.09 
429.09 
431.09 
433.09 
435.09 
437.09 
439.09 

Of, b 

5.67 
6.58 
5.24 

4,42 
4.21 
4 . 29 
4.76 
4.99 
5.00 
4.90 
4.42 
3.68 
3.06 
3,U5 
2,68 
3.10 
2.09 
1.96 
2.56 
2.53 
3,76 
4,71 
4.16 
4.C7 
4.0I 
4. /3 
4.70 
4 .«4 

4.22 
4.23 
2.56 
2.41 
2.09 
2.27 
2.20 
2,23 
2,64 
3,43 
3.33 
3,79 
4.58 
5.C9 
4,59 

dO'p, b 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.OV 

.09 

.09 

.09 

.09 

.OV 

.09 

.09 

.OV 

.OV 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

En, keV 

356,49 
050,49 
360.49 
062,59 
064,39 
366,60 
360.39 
370.39 
372.39 
374.39 
076.59 
370.59 
360.39 
36ii.59 
364.59 
366.59 
3bb.39 
080.09 
390.89 
393,09 
395,09 

39/,09 
399,09 
401,09 
403,VO 
403.69 
40/.09 
409,90 
412,09 
414,10 
416,09 
416.09 
420.09 
422.09 
424,09 
426,09 
420,09 
430,09 
432,09 
434,09 
436,09 
436,09 
44U.09 

ax> ° 
6,42 
5,93 
4, /C 
4,30 
3,93 
4,11 
4,96 
5.39 
4,74 
4,47 
4,33 
3,11 
2,99 
3,13 
3,04 
2,45 
2.06 
2,44 
3,33 
2,99 
4,49 

4,B1 
4,03 
4.32 
4,56 
4,60 
4,<:4 
4,47 
4.08 
2,66 
2.01 
2.27 
1,67 
2,13 
2,12 
2,97 
3,03 
3,24 
3,53 
4.20 
4,65 
4,57 
3.28 

ao'j-, 

.09 
,09 
.09 
.09 
.09 
.09 
.09 
.09 
,09 
,09 
.09 
,09 
,09 
,09 
.09 
.09 
.09 
.09 
.09 
,09 
.09 

. 09 

. 09 

.09 
• 09 

.09 

.09 
,09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 



TABLE V (Contd.) 

:n- keV 

441.09 
443,09 
445.10 
447.09 
449.09 
451.09 
453.09 
455.09 
457.09 
459.09 
461.09 
463.09 
465.09 
467 . 09 
469.09 
471.09 
473.09 
475.19 
477.19 
479.19 
481.19 
483.19 
435.19 
487.19 
489.19 
491.19 
493.19 
495.19 
497.19 
499.19 
501.19 
503.19 
505.19 
505.58 
506.58 
507.59 
508.60 
514.21 
515.24 
516.28 
517.31 
516.35 
519.40 

a-p, b 

2 . ; ' 6 
2. VI 
3.'.3 
3.57 
4..7 

5.36 
5.08 
5.30 
4.02 
5.0 0 

5.38 
5.19 

4,01 
3.47 

3.19 
2.53 
2.26 
2.37 
3.49 
3.18 
i. /i 
3.95 
3.B9 
3.80 
3.57 
3.66 
3.47 
3.13 
3.17 
3.35 
2.bC 
2.04 
1.36 
1.41 
1.35 
.72 

1 .ori 
4 .66 
4.12 
3.73 
3.21 
3.29 
2.66 

dc-T-' ̂  

.09 

.09 

.09 

.09 

. OV 

.OV 

.09 

.OV 

. OV 

.OV 

.OV 

. OV 

.09 

.09 

.OV 

.OV 

. 09 

. OV 

.OV 

.09 

.09 

. OV 

.09 

.09 

.09 

.09 

.09 

. OV 

.09 

.09 

.09 

. 0 V 

.09 

.11 

.14 

. 13 

.14 

.10 

.10 

. 1 1 

.11 

.11 

.12 

En, keV 

44,;,09 
444 , 09 

446,09 
440,09 
450,09 
452,09 
454,09 
456, u9 
4iO,09 
4 0 U . 0 9 

462.09 
464,09 
166,09 
460,09 
470,09 
17<i, 09 
474,09 
47o,19 
4 7 0,19 
4oO,19 
10<:,19 
404,19 
406,19 
400,19 

190.19 
4Vi,19 
4V4,19 
4V6,19 
49o,IV 
300.19 
302.19 
5U4.19 
5C0.19 
506.00 
30/ , 08 
500.09 
50V.10 
514. /O 
515. /6 
516. /9 
51/ .03 
510.06 
5lV.V^ 

Oj. b 

2.d7 
3.57 
3.37 
3.52 
5,12 
5,44 
5.11 
5.1b 
4 , 02 
5, 03 
5,9ii 
4,u6 
4, Ob 
3, /6 

2,30 
2.17 
2.03 
2,99 
3,02 
3,06 
4,09 
0,06 
0,67 
0,4b 
i . i i 
3,52 
3,10 
3.10 
3.12 
0.46 
^.56 
l./O 
1.65 
. B 7 

.07 
1.20 
1. Ob 
1 .lb 
1.05 
4.11 
3.0/ 
0.41 
0.36 

da-j-, 1 

• 09 
• 09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.15 
.15 
.14 
• 14 
• 10 
• 10 

.10 

. 1 1 

.10 

.10 
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TABLE V (Contd. 

En, keV a x . b d O j . keV Of, dax ' 

520.44 
521.49 
622,55 
523.60 
524.66 
525.73 
526.79 
527.86 
528.94 
530.01 
531.05 
533.26 
534.35 
535.44 
536.54 
537.64 
538.74 
539.65 
540.96 
542.08 
543.19 
544.31 
545.44 
546.57 
547.70 
548.83 
549.97 
551.11 
552.26 
553.11 
654.56 
555.72 
556.68 
558.04 
559.21 
560.38 
561.56 
562.74 
563.92 
565.11 
666.30 
667.49 
668.69 

2.75 
3.16 
3.25 
3.t5 
3.61 
0.28 
3.14 
o.lfl 
2.10 
2.C3 
1.62 
1.06 
1.44 
l.fci 
2.14 
2.58 
2.91 
2.94 
3.05 
2.72 
2.18 
2.29 
2.50 
1.73 
1.75 
l.fcB 
2.79 
3.14 
2.69 
2.36 
2.20 
1.47 
1.63 
1.43 
1.74 
1.1;0 
1.91 
2.54 
1.62 
1.V2 
1.33 
1.11 
l.'i 

.11 

.10 

.11 

.10 

.10 

.10 

.10 

.10 

.12 

.11 

.12 

.14 

.13 

.13 

.12 

.12 

.11 

.12 

.11 

.11 

.12 

.12 

.11 

.12 

.12 

.12 

.11 

.10 

.11 

.11 

.11 

.12 

.12 

.12 

.12 

.12 

.11 

.10 

.11 

.11 

.!<; 

.12 

.12 

520.97 
522.02 
323.00 
324,13 
525,20 
526,26 
32/.33 

320,40 
529,47 
530,56 
531,63 
533.01 
531,90 
335,V9 
30/ ,09 
330.19 
33V.30 
340.41 
541.52 
342.03 
543./5 
344,d7 
346,00 
34/,13 
540,26 
34V,40 
350.34 
351.69 
352.03 
353,98 
353,14 
350,00 
53/,46 
350,oi 
559,00 
3 6 0,97 
362.15 
503,03 
364.31 
363./O 
566.09 
360 , 09 
309,^:9 

2,/7 
3,00 • 
0,65 . 
3,55 . 
3,24 . 
2,99 . 
2,05 < 
2,39 
i,29 
l,/5 

1,63 . 
1,15 
1, /o . 
1, 0 9 .. 
2,36 . 
2.61 . 
2.91 . 
3,20 
2,06 , 
2.45 
1.97 
2.32 > 
2.05 . 
1.65 , 
1,67 , 
2,62 . 
3,11 , 
3.1b . 
2,96 , 
2,26 , 
l,/9 
1,6b , 
1.06 , 
1.64 
l.OO . 
1.99 . 
2.2b . 
2.«:6 . 
2,11 , 
1.04 
1.31 , 
1.^5 , 
1.36 , 



TABLE V (Contd.) 

;„, keV 

569.69 

571.10 
572.31 
573.52 
574.74 
575.96 
577.19 
578.42 

579.65 
580.89 
582.13 
583.38 
684.63 
585.88 
587.14 

588.40 
589.67 
590.94 
692.21 
593.49 
594.77 
596.06 
597.35 
598.65 
599.95 
601.25 
602.56 
603.67 
605.19 
606.51 
607.64 
609.17 

610.50 
611.84 

613 .19 
614.53 
615.89 
617.24 
618.61 
019.97 
621.34 

622.72 
624.10 

Of, b 

1.11 
1.64 

2.06 
2.45 
3.23 
4.40 
4.60 
4.23 
4.35 
3.78 
2.94 

1.96 
2.42 
2.15 

2.62 
3.02 
3.69 
3.29 
3.10 
2.o3 
3.31 
4.18 
4.18 
4.12 
3.98 
3.25 
3.39 

3.20 
3.18 
2.98 
2.92 
3.33 
3.69 
3.59 

3.61 
2.88 
2.96 
3.43 
3.34 
3.49 
2.61 
2.76 
2.73 

dax. b 

.12 

.11 

.11 

.10 

.09 

.06 

.06 

.09 

.06 

.09 

.10 

.11 

.10 

.11 

.10 

.10 

.09 

.09 

.10 

.10 

.09 

. ^a 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

. OV 

.09 

.09 

.09 

.09 

.09 

.OV 

.09 

.09 

.09 

.09 

.09 

En, keV 

3/0,30 
3 71. / 0 
572,92 

374,13 
573,35 
576,5/ 
37/,do 
379,03 
360,27 
301,31 
362, /5 
304,00 
365,25 
506,31 
38/, /7 
509,^ i 
590,30 
591,57 
592,05 
594,13 
393,42 
396, /O 
590,00 
599,30 
600,60 
601.90 
600.21 
604.33 
603.05 
60/.17 
O0O,30 
609,03 
611,17 
612,31 
613,06 
613,21 
616,3/ 
61/,92 
619.29 
62U.66 
622.03 
623.41 
624, /9 

Of, b 

1,31 
1,60 
1,07 

2,90 
4,07 
4,10 
4,47 
4,/I 
4,29 
3,07 
2.33 
2,^7 
2,24 
2,40 
2,69 
3,o7 
3,02 
3,53 
3,05 
3,05 
3,63 
4.16 
4,06 
4,00 
3,49 
3.46 
i,«:i 
2.95 
3.05 
3.0 6 
2,97 
3,17 
3,63 
3 ,63 
3,10 
3,17 
3 ,15 
3,04 
3,30 
3,29 
2,03 

2, /4 
3,06 

daj, I 

.12 

.11 

.11 

.10 

.09 

.09 

.08 
• 06 
• OB 
.09 

.10 

.15 

.10 

.10 

.10 

.10 

.09 
,09 
.09 
.09 
.09 
.09 
.08 
.09 
• 09 
. 09 
.09 
. 09 
.09 
. 09 
. 09 
.09 
.09 
.09 
.09 
. 09 
. 09 
.09 
.09 
.09 
.09 

. 09 

.09 



48 

T A B L E V (Contd.) 

625.49 
626.08 
628.27 
629.67 
631.07 
632.48 
633.89 
635.31 
636.74 
638.16 
639.60 
641.04 
642.48 
043.93 
645.38 
646.04 
648.30 
649.77 
651.24 
652.72 
654.20 
655.69 
657.18 
658.68 
660.18 
661.69 
663.21 
664.72 
666.25 
667.7fc 
669.31 
670.06 
672.40 
673.95 
675.51 
677.07 
678.64 
680.21 
681.79 
683.38 
687.36 
688.97 
690.68 

3.27 

2.48 

2.32 
l.bl 
1.46 
1.69 
2.67 
3 .63 
3.77 
4.15 
4.49 
3.98 
3.96 
3,0 0 
2.42 
2.34 
2.35 
2.76 

,55 
,63 
,16 
,97 
,66 

3.20 
3.77 
4.31 
4,b3 
4.49 
4.01 
2.77 
2.12 
2.12 
2.29 

,10 
,03 
,69 
,15 

1.74 
2.41 
,15 
,17 
,57 
,fcO 

dOx^ ̂  

.09 

.10 

.10 

.10 

.15 

.10 

.09 

.06 

.09 

.06 

.06 
• 08 
.06 
.09 
.10 
.16 
.11 
.11 
.10 
.10 
.09 
.09 
.10 
.10 
.10 
.09 
.09 
.09 
.09 
.10 
.11 
.11 
.11 
.10 
.10 
.10 

. 1 1 

.12 

.11 

.10 

.09 

.06 

.06 

En, keV 

026.16 
62/.37 
626,97 
630.07 
631,/8 
633,19 
634,60 
636,02 
63/,45 
630,08 
640,32 
641./6 
643.20 
644.65 
646.11 
64/,37 
6 4 9,03 
650.50 
651.90 
653,46 
654.94 
056,43 
65/,Vi 
659,43 
660,94 
662,45 
0 6 3,96 
065,49 
66/, 01 
660,55 
670,08 
671.63 
673.18 
674.73 
676.29 
67/,06 
679,43 
601.00 
6B2.50 
606,56 
600.16 
68 9, / 7 
6V1,38 

Of, b 

3,16 
2,10 
2,10 
1,97 
1,32 
1.97 
3.06 
3.49 
4.0 7 
4.51 
4.16 
3.90 
3.40 
2.01 
2.13 
2.29 
2.29 
3.43 
3. /O 
4.10 
4.O0 
4.39 
3,16 
3,40 
3,92 
4,62 
4,64 
4,16 
3,46 
2,44 
2,04 
2,37 
2,66 
3,00 
2,27 
2,00 
2,01 
1,06 
2,65 
4.1b 
4,26 
4,50 
4,47 

dox" ^ 

.09 

.10 

.10 

.10 

.11 

.10 
,09 
.09 
,08 
,08 
,08 
,08 
,09 
.09 
.10 
.15 
.11 
.10 
,10 
.09 
.09 
.09 
.10 
.10 
.09 
.09 
.09 
.09 
.10 
.11 
.11 
.11 
.11 
.10 
.11 
.11 
.11 
.12 
.10 
.09 
,09 
,09 
.09 



TABLE V (Contd.) 

En, keV 

692.19 
693.81 
695.44 
697.07 
698.71 
700.36 
702.01 
703.67 
705.33 
707.00 
708.67 
710.35 
712.04 
713.73 
715.43 
717.13 
718.85 
720.56 
722.29 
724.02 
725.75 
727.50 
729.24 
731.00 
732.76 
734.53 
736.30 
738.09 
739.87 
741.67 
743.47 
745.28 
747.09 
748.91 
750.74 
752.57 
754.41 
756.26 
758.12 
759.98 
761.65 
763.72 
765.61 

Of, b 

4.41 
3.93 
3,25 
2,93 
2,53 
2,63 
3.24 
3,35 
3.68 
3.91 
4.21 
4,01 
2.97 
2.70 
2,64 
3,04 
3,06 
3,14 
3.51 
3.21 
2.40 
3.02 
3.7 7 
3.65 
3.74 
3.13 
3,13 
3,62 
2.96 
2.64 
2.67 
2.19 
1.60 
1.71 
1.62 
1.74 
2.33 
3.02 
2.82 
2.61 
2.69 
2.20 
1,70 

dOf, b 

.09 

.09 

.10 

.10 

.10 

.10 

.09 

.09 

.09 

.09 

.08 

.09 

.10 

.10 

.10 

.10 

.10 

.09 

.09 

.09 

.10 

.10 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.10 

.09 

.10 

.11 

.11 

.16 

.09 

.09 

.06 

.08 

.06 

.08 

.09 

.09 

En, keV 

690, 00 
694,03 
696,26 
697,09 
699,54 
/01,18 
/02,64 
/04,30 
/06,16 
/0/.63 
/09,3l 
/11.19 
/12.68 
/14.56 
716,26 
/I/,99 
/19,70 
/21,42 
/20,16 
/24,08 
/26,62 
/26,37 
/30.12 
/31,o8 
/33,64 
/35,42 
/3/,19 
/30,98 
/*0./7 
/42,57 
/44,07 
/40.16 
/4b.00 
/49,62 
/51.65 
/50,49 
/53,04 
/5/,19 
/59,05 
/60,V1 
/62, /6 
/64,66 
/60,36 

Of, b 

4,00 
3.37 

2.bl 
2.60 
2.37 
2,94 
3,07 
4.23 
3.61 
3.90 
4.33 
3,52 
3,11 
2,35 
3,07 
3,06 
3,51 
3,7 7 
3, /4 
2,36 
2,04 
3,06 
0, /9 
0,62 
3,25 
3,37 
3.42 
3.£2 

o.ol 
2.56 
2.06 
2.02 
1./4 
1.47 
1.46 
2.i/ 
2,30 
2. /6 
2 , o6 

2.93 
2.63 
1,06 
1. /b 

doj. 

.09 

.10 

.10 

.10 

.11 

.10 

.09 

.09 

.09 

.09 

.06 

.09 

.10 

.10 

.09 
• 10 
.09 
.09 
.09 
.10 
.10 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.09 
.10 
.10 
.10 
.10 
.15 
.15 
.09 
.09 
.06 
,06 
.06 
.06 
• 09 

.09 



50 

T A B L E V (Contd. 

En, keV 

767.50 
769.39 
771.30 
773.21 
775.13 
777.05 
778.99 
780.93 
782.87 
784.83 
786.79 
788.76 
790.74 
792.72 
794.72 
796.72 
798.72 
800.74 
802.76 
804.79 
606.83 
608.88 
810.93 
813.00 
815.07 
817.14 
819.23 
821.32 
823.43 
825.54 
827.66 
829.78 
831.92 
834.06 
836.22 
838.38 
840.55 
842.72 
844.91 
647.11 
849.31 
851.52 
853.74 

Of, b 

1.68 
1.94 
2,35 
2.72 
2.7 6 
3.46 
3.70 
3.33 
2.97 
2.72 
2.31 
1.86 
1.91 
2.57 
2,63 
2.43 
2.44 
3.46 
3.72 
2.86 
3.37 
4,00 
3.19 
2.51 
2.26 
2,72 
2,66 
2.43 
2.42 
1.84 
1.77 
1.89 
2.09 
2.30 
2,77 
3,40 
3,03 
3,19 
3.12 
2.80 
3.64 
3.00 
1.99 

dan 

. 0 9 

. 0 9 

. 0 9 

. 0 8 

. 0 8 

. 0 8 

. 0 7 

. 0 8 

. 0 8 

. 0 8 

. 0 9 

. 1 4 

. 14 

. 0 9 

. 0 9 

. 0 9 

. 0 9 

. 0 8 

. 0 8 

. 0 9 

. 06 

. 0 8 

. 0 8 

. 0 9 

. 0 9 

. 0 9 

. 0 9 

. 0 9 

. 0 9 

. 10 

.10 

. 0 9 

. 0 9 

. 1 1 

. 1 1 

. 1 0 

.10 

. 1 0 

.10 

. 1 0 

. 0 9 

. 10 

. 1 1 

En, keV 

/ 6 0 , 4 4 
/ 7 0 . 3 4 
7 7 2 , 2 5 
/ 7 4 , 1 7 
7 7 6 , 0 9 
/ 7 O , 0 2 
7 7 9 , 9 6 
/ 6 1 . 9 0 
/ 8 3 , 0 6 
7 8 3 . 0 1 
/ 6 / . / 8 
7 8 9 . / 5 
7 9 1 . / 3 
7 9 3 , / 2 
/ 9 6 , / 2 
7 9 / , / 2 
/ 9 9 , / 3 
6 T 1 , 7 5 
0U3, /8 
0 0 5 , 6 1 
O 0 / , 0 5 
0 0 9 , 9 0 
6 1 1 . 9 6 
6 1 4 . 0 3 
6 1 6 , 1 0 
6 1 6 , 1 9 
6 2 0 , 2 6 
0 2 2 . 3 8 
0 2 4 , 4 6 
0 2 6 , 6 0 
6 2 0 , / 2 
6 3 0 , 8 5 
0 3 2 , 9 9 
0 3 6 , 1 4 
0 3 7 , 3 0 
6 3 9 , 4 6 
0 4 1 , 6 3 
6 4 3 , 6 2 
0 4 6 , 0 1 
0 4 0 , 2 1 
6 5 0 , 4 1 
0 5 2 , 6 3 
0 5 4 , 0 6 

Of, b 

1 , 9 2 
2 , 2 6 
2 . 5 7 
2 . 4 7 
3 , 1 6 
3 , / 0 
3 , / 9 
3 , 1 b 
2 . 6 9 
2 , 3 6 
2 , 1 4 
1 , 6 6 
2 , 0 4 
2 , 0 2 
2 , 2 7 
2 , 3 2 
2 , 6 5 
3 , 6 3 
3 . 1 0 
3 . 0 7 
3 . 5 4 
3 , 6 6 
2 , 9 3 
2 , 4 3 
2 . 4 1 
2 . 0 9 
2 , 5 4 
2 , 4 6 
2 , 1 6 
2 , 1 1 
1 . / 6 
2 , 0 2 
1 , 9 6 
2 , 4 4 
3 , 1 1 
3 . 6 2 
3 . 0 5 
3 , 1 7 
2 . 7 2 
2 . 9 4 
3 , 70 
2 . 6 0 
1 . 5 9 

d o x ' 

, 0 9 
. 0 9 
. 0 6 
, 0 9 
, 0 8 
. 0 7 
. 0 7 
. 0 8 
. 0 6 
. 0 9 
, 0 9 
, 1 4 
. 1 3 
, 0 9 
, 0 9 
. 0 9 
, 0 9 
, 0 8 
, 0 6 
, 0 8 
. 0 8 
. 0 8 
. 0 9 
. 0 9 
, 0 9 
. 0 9 
, 0 9 
. 0 9 
. 0 9 
. 0 9 
. 1 0 
. 0 9 
. 1 5 
. 1 1 
. 1 0 
. 0 9 
. 1 0 
. 1 0 
. 1 0 
, 1 0 
, 0 9 
. 1 1 
, 1 2 



TABLE V (Contd. 

En, keV 

655.97 
656.21 
660.46 
662.71 
664.98 
667.25 
669.54 
671.83 
674.13 
676.44 
678.76 
681.09 
663.43 
885.78 
688.14 
690.51 
692.88 
695.27 
697.67 
900.07 
902.49 
904.91 
907.35 
909.60 
912.25 
914.72 
917.19 
919.68 
922.17 
924.68 
927.20 
929.72 
932.26 
934.61 
937.37 
939.94 
942.52 
945.11 
947.71 
950.32 
952.95 
955.58 
956.23 

Of, b 

1.44 
1.95 
2.59 
3.21 
3.45 
3.62 
4.95 
3.40 
4.21 
3.46 
3.27 
3.70 
4.30 
4.21 
3.71 
3.10 
3.17 
3.2 5 
3.10 
2.79 
3.25 
4.00 
4.27 
3.61 
3.17 
2.78 
2.48 
2.39 
3.28 
3.69 
4.19 
4.65 
4.11 
3.10 
3.0 3 
3.10 
2.97 
3.32 
2.87 
2.70 
2.61 
3.'3 
3.05 

dOx, b 

.12 

.11 

.10 

.10 

.09 

.09 

.06 

.06 

.06 

.09 

.09 

.09 

.06 

.06 

.09 

.09 

.09 

.09 

.09 

.10 

.09 

.06 

.06 

.06 

.09 

.09 

.10 

.10 

.09 

.06 

.06 

.06 

.08 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.06 

.09 

En, keV 

05/, 09 
059.03 
061,59 
060,05 
066,12 
060,40 
.170 ,00 
372,90 
073,29 
07/,60 
079.90 
002,26 
004,61 
006,96 
069,32 
091,69 
094,06 
096,47 
096,07 
901,28 
900,/O 
906,13 
900,37 
911,02 
913,48 
913,96 
910,43 
920,92 
9^3,43 
925,94 
920,46 
930,99 
930,33 
936, 09 
930.65 
941.20 
940.01 
946.11 
949.01 
931.03 
954.26 
956.yO 
939.55 

Of, b 

1./4 
2.60 
2.69 
3.£2 
3./5 
4,32 
4,06 
4,92 
3./6 
3,65 
3,40 
3.92 
4./I 
4.21 
3,34 
3,16 
3,03 
3.00 
2.47 
2,/3 
3,46 
4,01 
4,21 
3, /2 
3,04 
2,59 
2,^2 
3,^9 
3, 66 
3,01 
4,56 
4,/I 
3,06 
3,12 
3,13 
3,2 7 
3,33 
3, 34 
2,91 
2 ,61 
3,01 
3,21 
2,94 

dox, 

.12 

.10 

.10 

.10 

.09 

.09 

.08 

.08 

.09 

.09 

.09 

.09 

.08 

.08 

.09 

.09 

.09 

.09 

.10 

.10 

.09 

.08 

.08 

.09 

.09 

.10 

.10 

.09 

.06 

.06 

. 06 

. 06 

.09 

. 09 

. 09 

. 09 

.13 

. 09 

. 09 

. 09 

. 09 

.09 

.09 



52 

TABLE V (Contd. 

keV d0x> b keV Of, dOf, b 

960.88 
963.55 
966.23 
970.27 
972.97 
975.69 
978.42 
981.16 
983.92 
986.68 
989.46 
992.25 
995.05 
997.86 
1000.69 
1003.52 
1006.37 
1009.23 
1012.11 
1014.99 
1017.89 
1019.34 
1022.26 
1025.19 
1028.13 
1031.09 
1034.06 
1037.04 
1041.53 
1044.55 
1047.58 
1050.62 
1053.67 
1056.74 
1059.82 
1062.91 
1066.02 
1069.14 
1072.28 
1075.43 
1078.59 
1081.77 
1084.96 

2.69 
2,68 
3.15 
4.26 
4,12 
2.75 
3,44 
3,75 
3.18 
2.77 
2.75 
2.95 
3.05 
2.92 
2.66 
2.83 
3.17 
2.04 
3.19 
3.77 
3.79 
3.25 
2.67 
2.64 
2.38 
2.33 
2.34 
2.38 
2.52 
3.09 
2.65 
2.15 
2.16 
2.79 
2.93 
2,90 
2.71 
3.20 
3,08 
3,16 
3,32 
3,26 
3,44 

.09 

.09 

.09 

. 0 7 

.08 

. 09 

.06 

.08 

.09 

.09 

.09 

.09 

.09 

.09 

.10 

.10 

.10 

.10 

.09 

.09 

.09 

.09 

.10 

.10 

.10 

.10 

.10 

.10 

.10 

.09 

.09 

.10 

.10 

.14 

.13 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.06 

962,21 
964,69 
960,92 
971.62 
974,33 
97/,06 
979,/9 
982,54 
903.30 
966.07 
990.66 
993,65 
996,45 
999,27 

1002.10 
1004,96 
100/,60 
1010.67 
1013,56 
1016,44 
1020,60 
1020,80 
1023, /2 
1026,66 
1029,61 
1032,57 
1033,55 
1040,03 
1043,04 
1046,06 
1049,09 
1052,14 
1055,20 
1056,28 
1061.06 
1064,46 
106/.38 
1070,/I 
1070,05 
107/,01 
1000,18 
1060,36 
1066,36 

2,42 
2.62 
3.90 
4.02 
3.76 
3.26 
3.79 
3,49 
2,63 
2,/7 
2,66 
2.95 
2,66 
3,27 
3,04 
3.24 
3,03 
2.64 
3.47 
4.04 
3.22 
3.22 
2.68 
2.31 
2,03 
2,44 
2,46 
2,01 
2,93 
2,66 
2,36 
2,36 
2,47 
2,66 
3,17 
2,92 
2,76 
3,06 
3,04 
3.2b 
3,30 
3,01 
3,50 

,09 
.09 

• 06 
.06 
. 06 
. 09 

.06 

.06 

.09 
, 09 

,09 
,09 
.10 
.09 
.09 
.09 
.09 
.10 
.09 
.08 
.09 
.09 
.10 
.10 
.10 
.10 
.10 
.10 
.09 
.09 
.09 
.09 
.14 
.13 
.09 
.09 
.09 
.09 
.09 
.09 
.08 
.09 
.08 



T A B L E V (Contd. 

k e V Of, b dOx, b E „ . keV Of, b don 

1086.17 
1091.39 
1094.62 
1099.50 
1102.77 
1106.06 
1109.36 
1112.68 
1116.01 
1119.35 
1122.71 
1126.09 
1129.48 
1132.69 
1136.31 
1139.79 
1143.21 
1146.68 
1150.16 
1153.67 
1157.18 
1160.72 
1164.27 
1167.64 
1171.42 
1175.02 
1178.64 
1182.27 
1185.92 
1189.59 
1193.28 
1196.98 
1200.70 
1204.44 
1208.19 
1211.97 
1215.76 
1219.57 
1223.39 
1227.24 
1231.10 
1234.98 
1236.88 

3.46 
3.27 
3.31 
3.12 
4.15 
4.16 
4.15 
3.49 
3.29 
3.96 
4,02 
3,65 
3,48 
3,40 
3,26 
4,12 
4,10 
2,64 
2,65 
2,67 
3,53 
3,35 
2,79 
3,05 
3.61 
3.49 
4,07 
3.82 
3.16 
2.96 
3,31 
3,54 
3,06 
3,30 
2.98 
2.67 
2.47 
3,23 
3,30 
3,44 
3,51 
2.68 
3.64 

.Ub 

.09 

.09 

.14 

.09 

.09 

.09 

.09 

.09 

.06 

.08 

.08 

.08 

.08 

.06 

.07 

.07 

.08 

.06 

.06 

.07 

.0/ 

.08 

.08 

.07 

.07 

.07 

.07 

.0/ 

.0/ 

.07 

.07 

.07 

.0/ 

.0/ 

.06 

.06 

.07 

.07 

.07 

.07 

.12 

.06 

1069.78 
1093,00 
1096,25 
1101,14 
1104,41 
110/, /I 
1111.02 
1114,34 
111/,68 
1121,03 
1124,40 
1127, /9 
1131,19 
1134,60 
1130,03 
1141,48 
1144,94 
1146,42 
1151,91 
1155,42 
1166,95 
116^,49 
1166,05 
1169,63 
1173,22 
117 6,03 
1160,45 
1 i6 4 ,1 0 
116/,76 
1191,43 
1195,13 
1196,64 
1202,37 
1206,31 
1210,08 
1213,06 
121/,66 
1221,48 
1223,31 
1229,17 
1233,04 
1236,90 
1240,04 

3,50 
3,47 
3,40 
3,04 
4,65 
4,01 
3,/6 
3,44 
3,52 
4, 09 
3,61 
3,41 
3,06 
2,94 
3,54 
4.01 
3,32 
2.39 
2,02 
3,04 
3, /9 
2,97 
2, 93 
3,/2 
3,09 
3,07 
4,03 
3,63 
3, 03 
3,15 
3,43 
3,60 
3,13 
3,46 
2,09 
2,64 
2,75 
3,14 
3,33 
3, /6 
2,06 
3,25 
3,60 

.08 

.08 

.08 

.09 

.08 

.09 

.09 

.09 
,09 
.06 
.08 
.08 
.06 
.08 
.06 
.07 
.06 
.06 
.08 
.07 
.07 
.06 
.08 
.07 
,07 
,07 
,07 
,07 
,07 
.07 
.07 
.07 
.07 
.07 
.07 
.07 
.07 
.07 
.07 
.06 
.07 
.06 
.06 



54 

T A B L E V (Contd.) 

En, keV 

1242.80 
1246.74 
1250.69 
1254.67 
1253.66 
1262.68 
1266.71 
1270.76 
1274.84 
1278.93 
1283.04 
1287.17 
1291.32 
1295.50 
1299.69 
1303.90 
1308.14 
1312.35 
1316.67 
1320.96 
1325.28 
1329.62 
1333.98 
1338.36 
1342.77 
1347.19 
1351.64 
1356.11 
1360.61 
1365.12 
1369.66 
1374.22 
1378.60 
1383.41 
1388.04 
1392.69 
1397.37 
1402.07 
1406.80 
1411.55 
1416.32 
1421.12 
1425.94 
1430.79 
1435.66 

Of, b 

3.64 
3.97 
3.67 
3.34 
2.71 
2.40 
2.68 
3.17 
3.04 
2.72 
2.83 
3.58 
3.32 
3.12 
3.18 
3.77 
3.75 
3.54 
3.21 
3.76 
3.90 
3.77 
3.49 
3.39 
3.47 
3.40 
3.03 
2.68 
2.92 
3.29 
3.05 
3.15 
2.86 
2.90 
2.98 
3.14 
3.21 
3.45 
3.30 
3,16 
3.00 
3.23 
3,47 
4,20 
4,05 

dOX" 

.0/ 

.07 

.07 

.06 

.06 

.09 

.08 

.08 

.06 

.08 

.08 

.08 

.08 

.08 

.08 

.07 

.07 

.08 

.08 

.07 

.07 

.07 

.08 

.08 

.11 

.07 

.07 

.07 

.07 

.06 

.07 

.07 

.07 

.07 

.06 

.06 

.06 

.06 

.06 

.06 

.06 

.06 

.05 

.05 

.05 

En, keV 

1244, /7 
1246,71 
1262,68 
1256,67 
1260.67 
1264,69 
1266,74 
1272,60 
1276,68 
1260.98 
1265,10 
1289,25 
1293,41 
129/,69 
1301,79 
1306.02 
1310.26 
1314,53 
1310.61 
1323,12 
132/,46 
1331,60 
1336,17 
1340.66 
1344,98 
1349,42 
1353,66 
1366,36 
1362,66 
1367,39 
1371,94 
1370,51 
1361,10 
1386,/2 
1390,36 
1395,03 
1099,72 
1404,43 
1409,17 
1413,93 
1410./I 
1423,52 
1420,36 
1433,22 
1436.10 

Of, 

3,96 
3.92 
3,66 
3,02 
2,35 
2,65 
2,64 
3,06 
2,/3 
2,01 
3.23 
3,40 
3,09 
3.23 
3,75 
3,97 
3,60 
3.32 
3.43 
4,05 
3,90 
3./2 
3,16 
3.46 
3,53 
3,44 
2,96 
2,90 
2,91 
3,23 
3.49 
2,67 
2,66 
2,93 
3,05 
3,16 
3,50 
3.41 
3.44 
3.26 
3,12 
3.26 
3,63 
4,16 
4.36 

dax' ̂  

,07 
,07 
,08 
,06 
.09 
.06 
,08 
,06 
.06 
,08 
,06 
.06 
,06 
,08 
.07 
.07 
.06 
,08 
.06 
.07 
.07 
.07 
.06 
,06 
.11 
.07 
.07 
,07 
.07 
.07 
,06 
.07 
.07 
,06 
.06 
,06 
.06 
,06 
,06 
,06 
.06 
,06 
.05 
.05 
,05 



T A B L E VI. D i f f e r en t i a l E l a s t i c S c a t t e r i n g C r o s s Sec t ions of V a n a d i u m , E x p r e s s e d in F o r m a t of E q . I 

keV " e l ' b doo. doo. do). da)4 

326.00 
329.00 
33/. 0 0 
345.00 
347,00 
355.00 
367,00 
365.00 
367.00 
375.00 
377.00 
365.00 
387.00 
392.00 
395.00 
403.00 
406.00 
414.00 
417,00 
425.00 
428.00 
436.00 
439.00 
447.00 
455.00 
437.00 
465.00 
467.00 
475.00 
477.00 
485,00 
487,00 
495.00 
497.00 
505.00 
507.00 
515.00 
517.00 
525.Ou 
527.00 

4.720 
4.750 
4.560 
4,440 
4.360 
4.210 
4.130 
3.970 
3.930 
3.760 
3.650 
3.580 
3.570 
3.540 
3.550 
3.450 
3.390 
3.370 
3.370 
3.380 
3.380 
3.490 
3.500 
3.3/0 
3.580 
3.590 
3.580 
3.610 
3.540 
3.550 
3.450 
3.400 
3.360 
3.320 
3.2'JO 

3.2iO 
3.17J 
3.1^0 
J.050 
3.040 

.3500 

.3JoO 

.3«L.0 

.je^O 

.S'VO 

.4000 

.42bO 

.4JcO 

.43^0 

.42^0 

.4JuO 

.43^0 

.43,^0 

.4260 

.43'*0 

.44o0 

.43JJ0 

.42^0 

.4210 

.40<rO 

.4l<;0 

.41-0 

.4150 

.4< '0 

.43'.0 

.43c:0 

.4510 

.45/0 

. 4 i 0 0 

.50*0 

.5<.0 

.54. 0 

.5J.-0 

.55'0 

.5/50 

.5800 

.58-0 

.5ViO 

.SSUO 

.5/10 

.0300 

.0300 
Iu310 
.0360 
.034U 
.0340 
• U340 
^03<:0 
To33il 
.0330 
.0340 
.0360 
.0340 
.0340 
i0310 
.0290 
• 0310 
; 0 3 0 0 

• U 3 1 U 

.0280 

.0280 

.0280 

.026ir 

.0250 
^0260 
.02/0 
'.0250 
.025J 
.024J 
.0240 
.0^20 
• 0210 
. 02U J 
.0190 
^019U 
.0190 
.0<:10 
.01:10 
.0^00 
.0<00 

.1270 

.1330 

.142u 

.1420 

.1420 

.1370 

.1620 

.1900 
• 1920 
.1350 
.1900 
.2040 
.2300 
.2340 
.2300 
.2900 
.2940 
.3130 
.3040 
.2970 
.3080 
.3210 
.3300 
• 3240 
.3180 
.32/0 
.3180 
.3120 
.3180 
• 317U 
• 3340 
.3260 
• 3410 
• 3400 
• 3390 
.3530 
.4010 
.4120 
.4450 
.44/u 

.0440 

.0450 

.0470 

.0530 

.0510 

.0510 

.0510 

.0480 

.0500 

.0490 

.0510 

.0530 

.0510 

. 0300 

.0460 

.0440 

.0470 

.0450 

.0460 

.042U 

.0420 

.0420 

.0380 
• 0380 
.0380 
.0400 
.0380 
.0380 
.0350 
.0350 
.0330 
.0320 
. 0300 
.0290 
.0280 
.0290 
.0320 
.0310 
.0300 
.0300 

.0880 
• 0870 
• 0770 
• 0510 
• 0610 
• 0230 
• 0230 
• 0190 

-•0020 
-.0090 
-.0160 
• 0040 
• 0070 
•0020 
• 0150 
• 0030 
• 0180 
• 0390 
• 0310 
• 0280 
• 0400 
• 0450 
• 0430 
• 0420 
• 0410 
• 0430 
• 0330 
• 0320 
• 0380 
• 0410 
• 0430 
• 0410 
• 0360 
• 0300 
• 0320 
• 0350 
• 0550 
• 0690 
• 0730 
• 0710 

.1)550 

.U560 

.0580 

.0660 

.U630 

.0630 

. 0630 

. 06uO 

.0620 

.0610 

. u640 

. 0660 
• u630 
• IJ620 
• O5b0 
• u550 
• o500 
. U560 
.u5;o 
.u520 
• u530 
• l,5.:0 

.lj4B0 

.04/0 

.u4/0 

. 05uO 

.1,4/0 

.u4/0 
• u440 
. u44a 
• l,4iO 
• u4u0 
. u3B0 
.u360 
.u350 
.u360 
.u390 
.u390 
.03/0 
.03/0 

-.0230 
-.0240 
-.0130 
-.0040 
.0060 

-.0200 
-.0040 
.0010 

-.0000 
-.0230 
-.0200 
.0090 
. 0230 
.0240 
.0390 
. o3oo 
.0340 
.0540 
. 06UO 
.0380 
.0330 
.0430 
. 0390 
.0250 
.0^10 
.0190 
.0210 
.0220 
.Ol^O 
.0230 
.0190 
. U2u0 
. 0240 
. uloo 
.0300 
. 0330 
.u330 
. U6u0 
.0520 
.0400 

U740 
0/60 
0790 
0890 
0850 
0860 
0850 
0800 
0830 
0820 
0860 
0890 
0850 
o840 
U/70 
0730 
0780 
0750 
0770 
0710 
0710 
0710 
0650 
0630 
0640 
0670 
0630 
u630 
0590 
0590 
0550 
0530 
0510 
O490 
0470 
0480 
U330 
05JO 
0500 
0500 



TABLE VI (Contd.) 

( J e l - b 

5 3 2 . 0 0 
.00 
.00 
,00 

5 3 5 
5 4 1 
5 4 3 
5 5 3 . 0 0 
5 5 5 , 0 0 
5 6 5 . 0 0 
5 6 7 . 0 0 
5 7 7 . 0 0 
5 8 0 . 0 0 
5 6 9 . 0 0 
5 9 7 . 0 0 
6 0 5 . 0 0 
6 0 7 . 0 0 
6 1 5 , 0 0 
6 1 7 . 0 0 
6 2 5 . 0 0 
6 2 7 . 0 0 
6 3 5 . 0 0 
6 3 7 . 0 0 
6 4 5 . 0 0 
6 4 7 . 0 0 
6 5 5 . 0 0 
6 5 7 . 0 0 
6 6 5 . 0 0 
6 6 7 . 0 0 
6 7 5 . 0 0 
6 7 7 . 0 0 
6 8 5 . 0 0 
6 8 7 . 0 0 
6 9 5 . 0 0 
6 9 7 . 0 0 
7 0 5 . 0 0 
7 0 7 , 0 0 
7 1 5 . 0 0 
7 1 7 
7 2 5 
7 2 7 
7 3 5 
7 3 7 
745.00 
747.00 
755.00 

• 000 
• 990 
.950 
.900 
.610 
.770 

2 . 8 1 0 
2 . / 8 0 
2 ^ 8 7 0 
2 . 6 9 0 
3 ^ 0 J O 
3 . 0 7 0 
3 . 0 7 0 
3 . 1 1 0 
3 ^ 1 4 0 
3 ^ 1 3 0 
3 ^ 1 5 0 
3 ^ 1 2 0 
3 . 2 0 0 
3 . 1 9 0 
3 . 2 4 0 
3 . 2 4 0 
3 . 2 7 0 
3 . 3 1 0 
3 . 3 4 0 
3 . 3 5 0 
3 . 3 7 0 
3 . 4 0 0 
3 . 4 5 0 
3 ^ 4 2 0 

. 4 3 0 

. 4 1 0 
, 4 3 0 
. 4 3 0 
. 4 4 0 

3 . 4 5 0 
3 . 4 0 3 
3 . 4 1 0 
3 . 3 0 0 
3 ^ 2 6 0 
3 . 0 8 0 
3 . 0 3 0 
2 . 9 4 0 

Oil 

.5700 

.5750 

.5500 

.55U0 

.4690 

.4460 
• 37O0 
.3490 
.30/0 
.2820 
.2790 
.2920 
.3130 
.3260 
.3410 
.3590 
.3590 
• 3?U0 
.3610 
.36<rO 
.34/0 
.3360 
.3120 
.3040 
.3020 
.3010 
.30/0 
.3090 
.3360 
.3450 

• 3660 
.37/0 
.3900 
.4030 
• 4350 
.4490 
.4B5Q 
.5000 
• 5390 
• 5350 
.5500 
• 5650 
.5400 

.0210 

.0210 
T0200 
.0210 
.0220 
.0240 
.0210 
^0210 
T020C 
7o200 
.0200 
.0200 
.0200 
.0190 
;l0190 
^0190 
.0180 
.0180 
.0180 
.0160 
.0160 
70160 
.0160 
.0150 
T0I6O 
.0150 
.0160 
.01/0 
.0180 
.0190 
Toieo 
70190 
T0I80 
.0190 
70200 
.0200 
.0220 
.0220 
.0240 
7o240 
.02/0 
7o280 
7o260 

CD2 

.4650 
• 4720 
• 4350 
• 5010 
• 4970 
.5060 
.5060 
.5090 
.4920 
.4900 
.4/80 
.4650 
.4640 
.4630 
• 4/60 
• 4/30 
• 4330 
• 4330 
• 4920 
.4960 
.5140 
.5180 
.5370 
.5430 
• 5500 
.5520 
• 5400 
.5480 
.5320 
.5330 
.5230 
• 5160 
• 5090 
• 5010 
.5120 
.5000 
.5170 
.5200 
.5570 
.5750 
.5970 
.6150 
.6370 

dCD2 

.0310 

.0320 

. 0300 

.0310 

.0330 

.0350 
,0320 
.0310 
.0300 
.0300 
.0290 
.0300 
.0300 
.0290 
.0260 
.0290 
.0260 
.0270 
.0270 
.0260 
.0260 
.0240 
.0240 
,0230 
.0240 
.0220 
.0240 
.0260 
.0260 
.0280 
.0270 
.0260 
.0260 
.0290 
,0300 
.0300 
.0320 
.0330 
.0360 
.0350 
.0400 
.0420 
.0360 

da)4 

0700 
0770 
0930 
1080 
1030 
1040 
1070 
0970 
0860 
0660 
0970 
1040 
0810 
0870 
•0590 
.0530 
• 0350 
,0330 
• 0330 
• 0210 
• 0320 
.0240 
• 0440 
• 0510 
• 0510 
• 0610 
• 0780 
• 0940 
• 1040 
• 1160 
• 1130 
• 1150 
• 1070 
• 1010 
• 0900 
• 0960 
• 1010 
• 1020 
• 1000 
• 1000 
• 0820 
• 0850 
• 0730 

.U390 
• 0400 
.03/0 
.U390 
.0410 
. U440 
.0400 
• U390 
.03/0 
.0380 
• U3/0 
.03/0 
• u3/0 
.0360 
.U350 
.0360 
• U350 
• U340 
. 03O0 
• 0330 
. U330 
• 03uO 
.u290 
.0290 
.0300 
.0260 
.U3bO 
.0320 
.0340 
• U350 
.0340 
.0350 
.0340 
• 0360 
• 0370 
.0380 
• 0400 
.0410 
.0450 
.0440 
• 05uO 
.U520 
.0460 

.0460 

.0510 

.0570 

.0610 

.0340 

.03^0 

.0300 

.0140 

.0110 

.0070 

.0130 

.0160 

.01/0 

.0230 

.0240 

.0160 

.0150 

.0080 

.0130 

.0050 

.0200 

.0130 

.0310 

.0360 

.0300 

.0260 

.0250 

.0320 

.0320 

.0360 

.0220 

.0180 
-.0010 
-.0130 
-.0200 
-.0270 

-.0030 
-.0070 
.0090 
.0090 

-.0030 
.0020 
.0060 

.0520 
• 0540 
.0500 
.0530 
.0550 
.0590 
.0540 
.0530 
".0490 
.0510 
.0490 
.0500 
.0490 
.0490 
.0470 
.0480 
.0470 
.0450 
7U450 
.0440 
.0440 
.0410 
.0400 
.0390 
.0410 
.0380 
.0410 
.0440 
.0470 
.0470 
.0450 
.0470 
70470 
.0480 

70500 
.0510 
. 0540 
.0550 
.0610 
.0590 
.0670 
'.0700 
70640 



TABLE IV (Contd.) 

keV Gel. b do), 0)2 doj . do)- da)4 

757.00 
765.00 
767.00 
7 7 5,00 
777.00 
785.00 
767.00 
795.00 
797.00 
808.00 
810.00 
820.00 
822.00 
826.00 
830.00 
836,00 
840 .no 
644.00 
646. no 
651.00 
852.00 
853.no 
855.00 
S60.no 
661 .no 
663.00 
865,00 
871.00 
672.00 
674.00 
861.00 
863.00 
885.00 
687.00 
895.00 
89/.00 
905.00 
907.00 
915.00 
917.00 
925.00 
927.00 
935.00 

2.870 
2.800 
2.710 
2.670 
2.610 
2.610 
2.590 
2.640 
2.650 
2.670 
2.67U 
2.O70 
2.660 
2.720 
2.730 
2 • 7 2 0 

2 ^ 7 1 0 

2.720 
2.700 
2.730 
2.740 
2. /40 
,:. /50 
2 .830 
2.640 
2.650 
2.660 
2.940 
2.940 
2.V40 
3.020 
3.040 
3.070 
3.120 
3.240 
3.260 
3.390 
3.390 
3.480 
3.*4u 
3.500 
3.'60 
3.480 

.5510 • 

.5340 

.5400 
• 49o0 
• 48<:0 
• 4390 

• 4160 
.3780 
• 3620 
.35<:0 
.3500 
.3260 
• 3190 
.3010 
.3000 
• 30O0 

• 3060 
.2660 
.2910 
.26^0 
.2550 
.2400 
.2410 
.2100 
.20/0 
. 2 0 .- 0 
.1900 
.16^0 
.1900 
• 18/0 
• I9i0 
• 19-0 
.17/0 
.1600 
.1600 
.1/00 
.2O1O 
.21-0 
• 26-,0 
.2800 
,3350 
. i3-0 
.39.0 

0270 
0260 
0250 
0260 
0270 
0260 
0250 
0^50 
0270 
0<20 
0230 
0250 
0<50 
o.:50 
0£50 
0250 
0250 
.0260 
"o260 
'02/0 
"02/0 
02/0 
> 2 / 0 ' 
0280 
0290 
~0290 
o.:90 
'02B0 
0270 
02B0 
0290 
0300 
0300 
0290 
U300 
0291) 
7o270 
0280 
0260 
023iJ 
0260 
.0260 
7u26J 

6300 
6310 
6360 
6310 
6930 
7010 
7060 
6980 
7000 
7100 
7080 
7350 
7450 
7370 
7400 
7750 
7750 
7370 
7990 
7980 
8020 
7990 
8040 
60/0 
8090 
8020 
8040 
7980 
7990 
6030 
7970 
7920 
7910 
7390 
7S20 
7390 
7380 
7580 
7350 
7600 
730U 
7930 
ei7u 

.0400 

.0390 

.0390 

.0390 

.0400 

.0390 

.0370 

.0370 

.0400 

.0330 

.0340 

.0070 

.0370 

.0370 

.0370 

.0380 

.0380 

.0390 

.0390 

. 0400 

.0400 

.0400 

.0411) 

.0420 

.0430 

.0430 

.04 JU 

.0410 

.0400 

.0420 

.0440 

.0450 

.0450 

.0440 

.0450 

.0430 
• 0400 
.0420 
.0390 
.0350 
.0400 
.0390 
.0390 

0710 
0710 
0740 
0660 
0610 
0670 
0600 
0700 
0800 
1000 
1070 
1300 
1320 
1390 
1440 
1650 
1670 
1680 
1710 
1630 
1610 
1640 
1630 
1520 
1480 
1530 
1490 
1220 
1220 
1190 
1110 
1130 
0980 
0600 
0660 
0690 
0480 
0580 
0540 
0600 
0720 
0620 
0910 

.0500 

.04B0 

.04/0 
• 0490 
• 0490 
. 0490 
.u460 
.0460 
.1/490 
.04^0 
. U4J0 
. 0460 
. 0460 
.0460 
. u450 
. 04/0 
. LI460 
.u460 
• U4B0 
. u490 
.0500 
. u490 
.0500 
.0520 
.0520 
.0530 
. u530 
. 0510 
.0500 
.0520 
.0540 
. u560 
.0550 
. u5',0 
.U560 
.0540 
.0500 
.o530 
.u490 
. u440 
.u4yo 
.0480 
.U490 

.0110 

.0130 

.0230 

.0360 

.0340 

.0240 

.0190 

.0300 

.0230 

.0390 

.0460 

.0690 

.0740 

.0700 

.0670 

.0820 

.0860 

.0930 

.0910 

.0920 

.0930 

.0930 

.0970 

.0880 

.0840 

.0/80 

. 0/30 

. 0650 

.0630 

.0/00 

. 0840 

. 08^0 

.0730 

.06^0 

. 0530 

.0520 

. 0300 

.0500 

.0^80 

.0/80 

.1000 

.1010 

.1240 

.0680 

.0650 

.0630 

.0650 

.0660 

.0650 

.0620 

.0620 

.0660 

.0560 

.0570 

. 0630 

.0620 

.0620 

.0620 

. 0630 

.0630 

.0650 

. 0660 

.0660 

.0670 

. 0660 

.0680 

.0710 

.0710 

.0720 

.0720 

.0690 

.0670 

. 0700 

.0730 

.0760 
7o740 
.0730 
. 0750 
.0730 
.0670 
.0700 
.0650 
.0590 
. 0660 
. 0650 
.0660 

http://853.no
http://S60.no


T A B L E IV ( C o n t d . 

En , keV 

9 3 7 . 0 0 
9 4 5 . 0 0 
9 4 7 . 0 0 
9 5 5 . 0 0 
9 5 7 . 0 0 
9 6 5 . 0 0 
9 6 7 . 0 0 
9 7 5 . 0 0 
9 7 7 . 0 0 
9 8 5 . 0 0 
9 8 7 . 0 0 
9 9 5 . 0 0 
9 9 7 . 0 0 

1 0 0 5 . 0 0 
1 0 0 7 . 0 0 
1 0 1 5 . 0 0 
1 0 1 7 . 0 0 
1 0 2 5 . 0 0 
1 0 2 7 . 0 0 
1 0 3 5 . 0 0 
1 0 3 7 . 0 0 
1 0 4 2 . 0 0 
1 0 4 5 . 0 0 
1 0 5 3 . 0 0 
1 0 5 6 . 0 0 
1 0 6 4 . 
1 0 6 7 . 
1 0 7 3 . 0 0 
1 0 7 5 . 0 0 
1 0 8 4 . 0 0 
1 0 6 6 . 0 0 
1 0 9 5 . 0 0 
1 1 0 3 . 0 0 
1 1 0 5 . 0 0 
1 1 1 3 . 0 0 
1 1 1 5 . 0 0 
1 1 2 1 . 0 0 
1 1 2 4 , 0 0 
1 1 3 3 . 0 0 
1 1 3 5 . 0 0 
1 1 4 4 . 0 0 
1 1 4 7 . 0 0 
1 1 5 6 . 0 0 

.00 

.00 

O e l - b 

3.460 
3.360 
3^o60 
3 •OIC 
3^300 
3^230 
3^200 
3^120 
3.090 
3.040 
3.010 

010 
000 
040 
020 
960 
930 
880 

2.660 
2.600 
2.790 

740 
710 
650 
610 
530 
500 

2.510 
2.520 
2.540 
2.550 
2.630 
2.730 
2.720 
2.640 
2.660 
2.960 
3.C20 
3.060 
3.120 
3.150 
3.170 
3.140 

CU, 

.38b0 

.4360 

.4320 

.4600 

.47,^0 

.5000 

.5050 
• 5200 
.5200 
.5360 
.5340 
.55<^0 
.5650 
.5650 
.5600 
.5940 
. 59V0 
.59o0 
. 5 9 D O 

.5900 

.59. 0 

.5910 

.5e,:0 

.5450 

.5200 

.4860 

.4300 

.4150 

.38U0 

.36-0 
,3400 

• 30V0 
.29-0 
.2960 
.31110 
.31^0 
.3200 
.34iO 
.34/0 
.3600 
.39-0 
,4220 
.4360 

dCD] 

0260 
0.fBO 
0260 
0320 
0320 
0360 
03/0 
U3B0 
03/0 
UO50 
0360 
03/0 
03/0 
03oO 
0350 
037U 
03B0 
0360 
^0360 
'0350 
,0350 
i0370 
^OJ/0 
io3B0 
io3BO 
^0440 
iO4O0 
^0420 
.0410 
,0400 
|0430 
;0430 
i0450 
7o460 
7u440 
.0400 
.0410 
7o390 
.0400 
7o410 
7o390 
7 0 4 0 0 

7U370 

.8230 

.6550 

.8620 

.6970 

.8970 

.9240 

.9230 

.9640 
• 9660 
• 9320 
.9320 
.9970 

1.0070 
.9960 
.9940 

1.0190 
1.0170 
1.0360 
1.0380 
1.0390 
1.0410 
1.04B0 
1.0310 
1.0410 
1.0430 
1.0260 
1.0170 
1^0060 
• 9920 
• 9940 
.9910 

1.0000 
1.0110 
1.0170 
1.0190 
1.0310 
1.0320 
1.0610 
1.0410 
1.0360 
1.0610 
1.0550 
1.0400 

dcU2 

,0380 
.0410 
,0400 
.0470 
.0490 
.0540 
.0560 
.0560 
.0550 
.0520 
.0540 
.0550 
.0550 
.0540 
.0520 
.0550 
.0570 
.0640 
.0530 
.0520 
.0630 
.0550 
.0650 
.0570 
.0570 
.0650 
.0590 
.0620 
.0610 
.0600 
.0640 
.0640 
.0670 
.0680 
.0650 
.0600 
.0610 
.0580 
.0590 
.0610 
.0570 
.0600 
.0550 

0)3 

.0940 

.0860 
• 0930 
• 0950 
• 1090 
• 1160 
• 1190 
• 1210 
• 1240 
• 1360 
• 1390 
• 1710 
• 1920 
• 2060 
•2130 
• 2360 
• 2460 
• 2610 
• 2770 
• 2800 
• 2840 
• 2920 
• 2830 
.2940 
• 2810 
• 2690 
.2560 
• 2570 
• 2520 
• 2170 
• 2170 
• 1890 
• 1600 
• 1550 
• 1500 
.1770 
• 1640 
• 1600 
• 1600 
• 1860 
• 2400 
• 2570 
• 2960 

do) 3 

.0470 

.0510 

.0490 

.0590 

.0600 

.06/0 

.0690 

.u690 
,0680 
.0650 
.06/0 
.0660 
.0660 
.0570 
• 0650 
• 0660 
.0700 
.06/0 
.U660 
.0650 
.0660 
.0660 
.0690 
.0710 
.0700 
.0810 
. 0700 
.07/0 
.0760 
.0740 
.0790 
.0790 
. 0630 
.0850 
.0610 
.0740 
.0760 
.0720 
.0730 
.0760 
.0710 
.0750 
.0680 

0)4 

.1230 

.1030 

.1090 

.1320 

.1400 

.1390 

.1350 

.12/0 

.1180 

.1190 

.1080 

.1120 

.1200 

.1260 

.1160 

.1080 

.1060 

.1060 

.1130 

.1120 

.1080 

.1170 

.1090 

.1210 

.1270 

.0960 

.0910 

.1210 

.1190 

.1200 

.1160 

.1200 

.1020 

.1010 

.1010 

.1140 

.1600 

.1340 

.1320 

.1390 

.1620 

.1720 

.2120 

d0)4 

.0640 

.0690 

.0660 
70790 
.0810 
.0900 
.0930 
.0930 
.0910 
.0670 
.0900 
70920 
.0910 
.0910 
.0670 
.0920 
.0940 
.0900 
.0890 
70870 
.0680 
.0920 
.0930 
.0950 
.0950 
.1090 
70990 
.1040 
.1030 
.1000 
.1070 
.1060 
.1110 
.1140 
.1090 
.1000 
.1020 
.0970 
.0980 
7ioio 
.0960 
.1000 
.0920 



TABLE VI (Contd.) 

keV " e l ' b du), 0)2 do). do). da)4 

1159,00 
1165.00 
1176.00 
1179.00 
1187.00 
1190.00 
1197,00 
1207.00 
1209.00 
1214,00 
1216.00 
1224.00 
1226.00 
1234,00 
1236.00 
1244.00 
1246,00 
1254.00 
1256,00 
1259.00 
1267,00 
1272.00 
1275.00 
1283.00 
1286.00 
1292.00 
1294,00 
1301^00 
1303^00 
1307.00 
1310.00 
1320.00 
1330.00 
1334•OO 
1350.00 
1360.00 
1376^00 
1386.00 
1393.00 
1396.00 
1406^00 
1413,00 
1416.00 

3.160 
3.17C 
3.180 
3.160 
3.200 
3.190 
3.170 
3.210 
3^220 
3.200 
3.180 
3.180 
3.180 
3.150 
3.120 
3.130 
3.140 
3.210 
3.180 
3.180 
3.190 
3.190 
3.200 
3.150 
3.120 
3.160 
3^140 
3^160 
3^0f'0 
3^050 
3.000 
3.060 
3.080 
3.110 
3.150 
3.190 
3.200 
3.150 
3.230 
3.270 
3.240 
3.270 
3.280 

. 46<:0 

. 45-0 

.4550 

.4650 

.4310 

.44-0 

.3700 
• 38/0 
.38/0 
.3930 
.3890 
.3860 
.3990 

.3//0 

.39«0 

.3700 
• 3900 
.3650 
.3760 
.3860 
.3690 

.33<fO 

.30/0 

.3460 

.3600 

.34/0 

.3610 

.3650 

.3e'«0 

.41/0 

.42^0 

.4450 
,4660 
.4260 
.4400 
.4810 
.4600 
.49oo 
.49uO 
• 4890 
.49-0 
.52-0 
.53»0 

.0380 1 
,0390 1 
7o4.;0 1 
.0410 1 

,0360 1 
.0410 1 
.0430 1 
7o4l)0 1 
7o4iu 1 
.0490 ] 
7o490 1 
.0460 ] 
70480 ] 
.0440 ] 
.U440 ] 
.0430 
,0450 1 
7o430 
,0440 
,0450 
.0440 
7o350 
.0350' 
7o340 
.0350 
. 0360 
. 0360 
.0390 
.0360 
.0390 
7o400 
i0410 
.04^0 
7u480 
7o4^o 
.0420 
.04/u 
.0350 
.0370 
. U6^u 
.036 0 
.0360 
.03/U 

• 0340 
• 0220 
• 0520 
• 0450 
• 0680 
• 0/00 
• 0/10 
• 0390 
.0960 
.1030 
.1180 
.1140 
.1140 
.1090 
.1060 
• 1170 
[•1290 
1^1310 
1^1430 
1-1460 
L-1640 
L.1610 
1.1660 
L.1S30 
1^1310 
L.1970 
1^1950 
1^1900 
1^1940 
1.1370 
1.1530 
1.1/50 
1^1950 
L.1960 
[•1780 
L.1270 
L.1130 
L.1060 
1^1040 
1.1160 
1.1020 
U 1 1 3 0 
U 1 2 7 0 

.0560 

.0590 

.0630 

.0610 

.0570 

.0620 

.0640 

.0610 

.0620 

.0730 

.0730 

.0690 

.0720 

.0650 

.0650 

.0640 

.0670 

.0640 

.0660 
• 0670 
.0660 
.0530 
.0520 
.0520 
.0530 
.0560 
.0570 
.0590 
.0570 
.0590 
.0600 
.0610 
.0650 
.0710 
.0630 
.0630 
.0710 
.0820 
.0850 
.0920 
.0860 
.084U 
.0660 

• 3140 
.3350 
• 3240 
• 3310 
• 3490 
• 3550 
• 3270 
• 3180 
• 3060 
• 3040 
• 2680 
• 2780 
• 2930 
•2610 
• 2570 
• 2430 
• 2340 
• 2310 
•2260 
•2240 
• 2190 
• 2260 
• 2260 
• 2640 
• 2580 
• 2670 
• 2600 
• 2540 
• 2650 
• 2760 
• 2540 
• 2850 
• 3000 
• 2520 
• 2460 
• 3160 
• 3120 
• 3500 
• 3570 
• 3520 
• 3700 
• 3530 
• 3640 

. 0690 

.O720 

.07/0 

.0760 

. 0700 
• u760 
• 0790 
.o740 
. 0760 
.0900 
.0900 
.0860 
.0890 
. 0800 
. 0810 
. 0790 
.u820 
.0780 
.0810 
.0820 
. 0810 
.0640 
• 0640 
. 0630 
.0640 
. U690 
.0700 
.0720 
.0700 
.0710 
.0740 
.0750 
.u790 
• u6/0 
.07/0 
• 0770 
.u860 
.10 0 0 
.1040 
.1120 
• 1050 
• 1020 
.1050 

.2110 

.1990 

.2110 

.2010 

.2000 

.2030 

.1790 

.1900 

.1830 

.1670 

.1680 

.1860 

.I860 

.1910 

.1910 

.2010 

.1980 

.2010 

.2060 

.2120 

.2010 

.2000 

.1960 

.1980 

.1/60 

.1/60 

.1660 

.1620 

.1970 

.1760 

.1490 

.19^0 

.2200 

.2010 

.1920 

.1680 

.1640 

.1790 

.1680 

.1660 

.1680 

.1610 

.2030 

.0930 

.0960 

.1040 

.1010 

.0940 

.1020 

.1070 

.1000 

.1020 

.1210 

.1210 

.1140 

.1200 

.1090 

.1090 

.1060 

.1110 

.1060 

.1100 

.1110 

.1100 

. 0680 

.0670 

.0670 

.0860 

.0940 

.0970 

.0990 

.0970 

.0980 
71010 
.1030 
.1090 
.1190 
.1060 
.1060 
.1180 
.1360 
.1420 
.1640 
.1450 
.1400 
.1440 



T A B L E VI (Contd. 

k e V O e l ' b <^i d o ) , 0)2 d o i j O ) , dm, 0)4 do)4 

1426,00 3.260 .5040 .0510 1.1310 ,0770 .3650 .0940 .1920 ..1290 
1433.00 3.270 .5290 7o520 1^1330 .0780 .4110 .0950 .2130 .1300 
1436.00 3.270 .5450 7o500 1.1460 .0760 .4310 ^0920 .2290 .1260 
1443.00 3.260 .5000 70420 1.1170 .0630 .3750 .0760 .1760 .1050 
1447.00 3.220 .5040 7o360 1-1230 .0570 .3620 ^0690 .1940 l0950 
1450.00 3.190 .4640 7o390 1.1440 .0590 ^3940 .0720 .2360 .0990 
1460.00 3.360 .4920 7o410 1.1460 .0610 .3590 ^0740 .2600 .1020 
1464.00 3.310 .43/0 ,0430 1-1690 .0650 •3660 ^0790 .2960 ;1080 
1467.00 3.340 .3960 .0370 1.1390 .0550 ^3460 ^0680 .3080 .0930 



TABLE VII. Cross Sections for the Inelastic Excitations of the 
320-keV State in Vanadium by Neutron Scattering 

n, M e V 

.650 

.674 

.666 
,695 
,716 
,727 
,734 
,740 
,753 
,756 
.767 
.774 
,765 
,794 
.604 
.613 
.827 
,834 
.644 
.654 
.865 
.873 
.676 
,666 
.696 
.906 
.916 
,926 
.936 
.944 
,963 
,976 
,966 
,989 

1.006 
1.010 
1.035 
1.043 
1.055 
1.076 

Oin, b 

.330 

.389 

.406 

.475 

.363 

.368 

.356 

.371 

.333 

.343 

.361 

.463 

.460 

.494 

.512 

.509 

.513 

.513 

.467 

.495 

.474 

.440 

.432 

.385 

.408 

.402 

.337 

.384 

.452 

.469 

.405 

.372 

.392 

.415 

.400 

.336 

.419 

.405 

.432 

.428 

dOin, b 

,054 
.056 
.061 
,049 
,039 
.032 
.0^/ 
.040 
.023 
.029 
.028 
.036 
.03 7 
.036 
.039 
.046 
.039 
.006 
.035 
.036 
. 031 
. 029 
.03/ 
.034 
.036 
.036 
.029 
.033 
.039 
.049 
.036 
.032 
.004 
,062 
.034 
.050 
.031 
.035 
.046 
.037 

En, MeV 

.6600 

.67/5 

.6903 

. /050 

. /239 

. /309 

. /066 

. /400 

. /630 

. /639 

. /709 

. 7/06 

. /066 

. /966 
,6066 
.0149 
.0009 
,6066 
.0<»66 
.6566 
,06/4 
.0749 
,0619 
,0949 
,9049 
.9149 
,9249 
.9049 
.9403 
.9566 
,9649 
. 90*9 
,9699 

1.0050 
1.0100 
1.J2oO 
1.0360 
1.0450 
1.0650 
1.J650 

Oin, b 

.2001 

.3606 
,3902 
.420/ 
.3/36 
.3/10 
,3/46 
,4/00 
,00«6 
.3526 
.42bl 
,4049 
.4504 
,5531 
,4007 
,6041 
,4900 
,3242 
,4904 
,5162 
.4099 
.4440 
,0943 
.3910 
.3907 
.3496 
,3660 
,4062 
.4607 
.4017 
,4106 
.OP 2 7 
.4116 
.3900 
.3951 
.44J0 
.4097 

.3biO 
,446b 
,4226 

dOin, b 

.0391 

.0661 

.0072 

.0539 

.02/4 

.0275 

.0332 

.0/10 

.0251 

.0<;48 

.0002 

.0412 

.0*03 

.0*61 

.0434 

.0640 

.0032 

.0«35 

.0003 

.0452 
,0024 
.0033 
.0002 
.0000 
.0000 
.0262 
.0276 
,0028 
.0*06 
,0075 
,0*44 
,0267 
,0426 
.0296 
.0*23 
.0365 
.0056 
.0405 

, 0474 
,0017 
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T A B L E VII (Contd.) 

En, M e V 

1,066 
1,097 
1.104 
1.115 
1.124 
1.133 
1.145 
1.163 
1.176 
1.166 
1.197 
1.205 
1.214 
1.217 
1.225 
1.233 
1.23S 
1.240 
1.255 
1.265 
1.274 
1.263 
1.296 
1,307 
1,313 
1,325 
1,363 
1,356 
1,366 
1,374 
1.395 
1.395 
1.413 
1.426 
1.435 
1.463 
1.466 
1.466 
1.475 
1.490 

"in, " 

.416 

.433 

. 4 4'j 

.465 

.492 

.510 

.568 

.420 

./i89 

.397 

.443 

.433 

.40 J. 

.407 

.427 

. 438 

.412 

.413 

.400 

.409 

.47 0 

.54/ 

.520 

.490 

.451 

.408 

.436 

.424 

.429 

.367 

.448 

.429 

.400 

.399 

.362 

.367 

.369 

.419 

.364 

.406 

dOin, b 

.036 

.002 

.033 

.036 

.036 

.044 

.069 

.036 

.033 

.042 

.033 

.029 

.024 

.030 

.028 

.029 

.035 

.061 

.030 

.030 

.035 

.047 

.046 

.0 36 

.039 

.043 

.029 

.036 

.037 
• 036 
.034 
.046 
.034 
.004 
.040 
. 026 
.032 
.036 
.040 
.043 

1.0950 
'1.10 J 0 
1.1060 
1.1160 
1.12eO 
1.1330 
1.13O0 
1.1630 
1.1630 
,1930 
,2040 
2070 
2160 
,2240 
•22 7 0 

1.2350 
1.2400 
1.2340 
1.2360 
1.2660 
1.2760 
1.2650 
1.3050 
1.3120 
1,3150 
1.3300 
1.3540 
1.3630 
1.O7O0 
1.O660 
1.4010 
1.4060 
1.4130 
1.4330 
1.44/0 
1.4530 
1.4640 
1,4730 
1.4bbO 
1.4900 

Oin, b 

.4223 

.4438 

.4617 

.6064 
,4030 
,5220 
,4622 
,4367 
,3933 
,4294 
,4300 
,4360 
,4061 
,4276 
,4461 
,4426 
,4016 
,4133 
,4173 
,3924 
,4769 
,5106 
,4bll 
,4640 
,4656 
,3912 
,4259 
,4256 
,4178 
,4<.03 
,44b5 
,3664 
,3660 
,4016 
,36/3 
,3827 
,3931 
,4069 
,4062 
.3960 

dain, b 

.0266 
,0301 
,0400 
,0438 
,0420 
,0666 
,0421 
,0469 
,0340 
,0290 
.0265 
,0331 
,0274 
,0263 
,0336 
,0334 
.0425 
.0279 
.0363 
,0341 
.0423 
,0647 
.0023 
.0349 
.0495 
.0686 
.0019 
.0322 
.0367 
,0365 
,0306 
.0036 
.0410 
.0346 
.0291 
,0289 
.0297 
.0363 
,0351 
,0693 
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TABLE VIII. C r o s s Sec t ions for 
the I n e l a s t i c N e u t r o n E x c i t a t i o n s 
of the 9 3 0 - k e V Sta te in Vanad ium 

En , MeV 

1.250 
1.300 
1.350 
1.360 
1.400 
1.4100 
1.450 
1.4650 
1.500 

^'in- b 

U94 
0850 
175 
1603 
145 
1025 
125 
1438 
998 

doin, b 

.057 

.0186 

.040 

.0693 

.021 

.0258 

.019 

.0673 

.027 
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